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CHAPTER   I. 
SIMPLE    TESTING. 

1.  Is  order  to  be  able  to  make  measnremeiits  of  any  kind,  it  is 
necessary  to  have  certain  standard  units  with  which  to  make  com- 
parisons. For  example,  in  the  case  of  length,  or  weight,  we  have  as 
standards  the  foot  and  the  poand.  Some  of  the  units  are  dependent 
npon  two  of  the  other  units ;  the  unit  of  "  work,"  for  example,  is  the 
foot-pound,  or  the  work  done  in  raising  a  pound  one  foot  high.  Now 
in  electrical  measurements  we  require  units  of  a  like  character.  Those 
with  which  we  have  to  deal  chiefly  are  electromotive  force,  the  unit  of 
which  is  called  the  voU  ;  resistance,  the  unit  of  which  is  the  ohm ;  and 
capacity,  the  unit  of  which  is  the  farad ;  also  we  have  the  unit  of 
current,  which  is  dependent  upon  the  volt  and  the  ohm,  and  is  called 
the  ampere ;  and  the  unit  of  qitantity,  which  is  dependent  upon  the 
volt  and  the  farad,  and  is  called  the  coulomb. 

Certain  of  these  units  are  too  large  for  practical  use,  and  sub- 
multiples  of  them  are  employed ;  thus  for  practical  purposes  the 
microfarad,  that  is  the  one-millionth  part  of  a  farad,  is^the  sub-multiple 
which  is  used  as  a  standard.  For  electric  light  and  electric  power 
purposes,  the  ampere  is  the  practical  standard  of  current ;  but  for 
telegraphic  work  the  milliampere^  that  is  the  one-thousandth  part  of 
an  ampere,  is  more  convenient,  and  is  therefore  generally  employed. 

In  cases  where  very  small  fractions  of  the  volt  and  ampere  have 
to  be  dealt  with,  these  are  expressed  in  millivolts  (^^th  volt)  and 

microamperes  (jiooboo*  ampere), 
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2.  In  the  case  of  thermometric  measurements  it  is  convenient 
to  express  "  degrees "  by  the  symbol  ",  so  in  the  case  of  electrical 
measurements  it  is  convenient  to  express  "  ohms,"  "  amperes,"  etc., 
by  similar  symbols  :  those  in  most  general  use  are  *  for  ohms,  and  ^ 
for  milliamperes. 

3.  If  the  two  poles  of  a  battery  be  joined  by  a  conductor  a  current 
will  flow,  and  the  strength  of  tlds  current  will  vary  directly  as  the 
electromotive  force  of  the  battery,  and  inversely  as  the  total  resistance 
in  the  circuit.  This  relation  is  known  as  "Ohm's  law."  If  the 
electromotive  force  is  expressed  in  volts  and  the  resistance  in  ohms, 
then  the  resulting  current  will  be  in  amperes. 

4.  Suppose  now  a  battery  of  a  resistance  r  and  electromotive  force 
E,  a  galvanometer  of  a  resistance  G,  and  a  wire  of  a  resistance  p,  be 

joined  up  in  circuit,  as  shown  by  Fig.  1.  By 
the  foregoing  law,  the  strength  of  current  G, 
which  will  flow  out  of  the  battery  and  through 
the  galvanometer,  will  be 

P  +  r  +  G 

The  current,  in  flowing  through  the  gal- 

/\G  ^      vanometer,  produces  a  deflection  of  the  needle, 

J^  qS^P      which  deflection  will  remain  constant  provided 

the  electromotive  force  of  the  battery  and  also 
^®-  ^'  the  resistances  remain  constant.     If  now  p  be 

a  wire  whose  resistance  we  require  to  find,  and 
which  we  can  replace  by  another  wire  the  value  of  whose  resistance 
can  be  varied  at  pleasure,  then  by  adjusting  the  latter  so  that  the 
deflection  of  the  galvanometer  needle  becomes  the  same  as  it  was 
before  the  change  of  resistances  was  made,  this  resistance  gives  the 
value  of  the  unknown  resistance  p. 

This  method,  known  as  the  substitrdwn  method,  although  ex- 
ceedingly simple,  is  a  very  good  and  accurate  one  if  a  little  ordinary 
care  be  taken  in  making  the  test.  Its  correctness  is  only  limited 
by  the  sensibility  of  the  galvanometer  to  small  changes  of  strength 
in  the  current  affecting  it,  and  by  the  accuracy  with  which  the 
variable  resistance  can  be  adjusted. 

It  should  be  mentioned,  however,  that  for  reasons  which  wiU 
become  obvious  when  the  subject  of  testing  is  gone  further  into,  the 
resistance  of  the  battery  and  galvanometer  used  in  making  a  test  of 
the  kind  should  be  small  compared  with  the  resistance  being  measured. 

5.  Next,  suppose  the  galvanometer  to  have  its  scale  so  graduated 
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that  the  number  of  divisions  on  it  will,  by  the  deflection  of  the  needle, 
accurately  represent  the  comparative  strength  (C)  of  currents  which 
may  pass  through  it.  Let  the  battery,  galvanometer,  and  resistance 
be  joined  up  as  at  first ;  then,  as  before, 

p  +  r  +  ix 

Now  remove  p,  and  insert  any  other  known  resistance  B,  in  its  place. 
Calling  the  new  strength  of  current  Cj,  then 

<^i  =  R  +  rVG  ;  or.  B  =  Ci  (R  +  r  +  G). 

But  we  have  seen  that  E  =  C  (p  +  r  +  G),  therefore 

C  0>  +  r  +  a)  =  Ci  (R  +  r  +  G), 


or 


that  is, 


p  +  r  +  G  =  ^1  (R  +  ^  +  G), 

p  =  C,  ^R  +  r  +  G)  -  (r  +  G).  [1] 


Now,  as  we  have  supposed  the  deflections  of  the  galvanometer  needle 
to  be  directly  proportional  to  the  strengths  of  current  which  produce 
them,  we  may,  instead  of  C  and  Ci,  write  in  the  formulae  the  deflections 
of  the  galvanometer  needle  which  those  strengths  produce.  Calling, 
then,  a  the  deflection  obtained  with  the  strength  C,  and  a^  that  with 
the  strength  Cj,  formula  [1]  becomes 

P  =  "'i  (R  +  ^  +  G)  -  (r  +  G).  [2] 

a 

In  order  to  find  p,  it  is  necessary  to  know  G,  which  is  usually  marked 
on  the  galvanometer,  r  also  must  be  known,  but  as  it  is  difficult 
to  determine  its  value  accurately,  it  is  best  to  use  a  battery  whose 
resistance  is  very  small  in  comparison  with  the  other  resistances  in 
the  circuit,  and  which  may  consequently  be  neglected  ;  in  this  case 
we  may  write  the  formula 

p  =  ^  (R  +  G)  -  G.  [3] 

a 

Having  then  obtained  a  with  p,  and  a^  with  R,  we  can  find  the  value 
of  p. 

B  2 
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For  example. 

With  a  galvanometer  whose  resistance,  G,  was  1^0"  (100  ohms)* 
and  a  battery  whose  resistance  could  be  n^lected,  we  obtained  with  an 
unknown  resistance  p  a  deflection  of  80  divisions  (a),  and  with  a  re- 
sistance of  820**  (R)  in  place  of  p,  a  deflection  of  20  divisions  (oi). 
What  was  the  unknown  resistance  p  ? 

p  =  f.^  (.^20  +  100)  -  100  =  180**. 

6.  Next,  suppose  it  is  required  to  find  the  resistance  of  a  galvano- 
meter. 

From  equation  [8],  by  multiplying  up,  we  find  that 

pa  =  Ra|+  Goj  —  6a; 

by  arranging  the  quantities  and  changing  signs  we  get 

Ga  —  6aj  =  Raj  —  pa^ 

or 

G  (a  —  a^)  =  R  ttj  —  p  a  ; 

therefore 

G  =  ^L^LSl-P^.  [4] 

If,  then,  with  a  known  resistance  p,  we  obtain  a  deflection  of  a  divi- 
sions, and  with  another  known  resistance  R  we  obtain  a  deflection  of 
tti  divisions,  we  can  determine  G. 

Far  exampU. 

With  a  galvanometer  (G)  and  a  battery  whose  resistance  could 
be  neglected,  we  obtained  with  a  resistance  of  200**  (p)  a  deflection 
of  80  divisions  (a),  and  with  a  resistance  of  350**  (R)  a  deflection  of 
20  divisions  (a^).    What  was  the  resistance  of  the  galvanometer  ? 

rt       850  X  20  -  200  X  30       _  ,^ 

G  =  =  100". 

30  -  20  ^" 

7.  Lastly,  when  the  resistance  of  the  battery  is  considerable,  and 
it  is  required  to  find  its  value,  from  equation  [2]  (page  3)  by  multi- 
plying up,  we  find 

pa  =  Raj  +  r  tti  +  G  a^  —  ra  —  Ga; 

by  arranging  the  quantities  and  changing  signs,  we  get 

ra  —  raj  =  Raj  —  pa  +  Ga^  —  Go, 

or 

r  (a  —  <ii)  —  B,  a^  -pa-G(a-  Oj)  ; 


SIMPLE  TESTING, 
that  is 


r  =  ?-?i^_?.«  -  G.  [5] 

a  —  ttj 

For  example. 

With  a  galvanometer  whose  resistance  was  100*"  (6),  and  a  battery 
(r),  we  obtained  with  a  resistance  in  circuit  of  150"  (p)  a  deflection  of 
40  divisions  (a),  and  with  a  resistance  in  circuit  of  800**  (R)  a  deflec- 
tion of  30  divisions  (a^).    What  was  the  resistance  of  the  battery  ? 

300  X  30  -  150  X  40 
,         '---      T0---30  "   -  -  100  =  200-. 

8.  The  foregoing  formulae  may  be  considerably  simplified  if  we 
80  adjust  the  resistances  that  one  deflection  becomes  half  the  other, 

or,  in  other  words,  if  we  make  a^  =  ^.    Formula  [8]  (page  3),  for 
determining  any  resistance,  then  becomes 

a 


therefore 
or 


p  =  ?-(R  +  G)-  G=  ^-t^-  <>; 

a  2 

2p=R  +  G-2G  =  R-G, 

R  -  G 
P  =  -    ..      • 


9.  Similarly  we  should  find  that  formula  [4]  (page  4)  for  deter- 
mining the  resistance  of  a  galvanometer,  becomes 

G  =  R  -  2p; 

and  formula  [5]  (page  5)  for  determining  the  resistance  of  a  battery, 

r  =  R  -  (2  p  +  G)  ; 

P  being  in  all  cases  the  resistance  which  gives  the  large  deflection, 
and  R  being  the  larger  resistance  which  halves  it. 

10.  Still  further  simplifications  of  the  two  latter  formulae  may 
be  obtained  if,  when  observing  the  first  deflection  a,  we  have  no 
resistance  in  circuit  (except,  of  course,  that  of  the  galvanometer,  or 
of  the  battery,  the  resistance  of  either  of  which  we  are  measuring), 
that  is  to  say,  if  we  have  p  =  0  ;  we  then  get 

G  =  R,  [A] 

and 

r  =  R  -  G  ;  [B] 
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that  is  to  say,  in  case  [A]  the  resistance  inserted  in  order  to  halve 
the  deflection,  is  the  resistance  of  the  galvanometer,  and  in  case  [6] 
the  resistance  inserted  minos  the  resistance  of  the  galvanometer,  is 
the  resistance  of  the  battery. 

In  the  latter  case,  by  using  a  galvanometer  of  negligible  resist- 
ance, we  get 

r  =  R  [C] 

The  formulae  [A]  and  [C],  although  they  have  been  arrived  at 
by  mathematical  analysis,  are  really  quite  obvious,  since  it  must  be 
clear  that  the  halving  of  the  deflection,  that  is  of  the  current,  must 
be  effected  by  doubling  the  resistance  of  the  circuit,  that  is  by  adding 
a  resistance  equal  to  the  only  resistance  which  is  in  the  circuit  in  the 
first  instance,  that  is  the  resistance  of  the  galvanometer  or  of  the 
battery,  as  the  case  may  be. 

11.  When  the  resistance  we  have  to  measure  is  very  high  com- 
pared with  the  resistance  of  the  galvanometer  and  battery  used  for 
measuring,  then  in  equation  [2]  (page  8),  namely, 

P  =  ""i  (R  +  r  +  G)  -  (r  +  G), 

a 

we  may  practically,  especially  when  great  accuracy  of  measurement  is 
not  required,  put  G  as  well  as  r  equal  to  0,  in  which  case 

P  =  "^  R. 

a 

To  measure  a  resistance  according  to  this  formula,  we  should  first 
join  up,  as  shown  by  Fig.  1  (page  2),  the  battery,  galvanometer,  and 
standard  resistance  (as  it  is  called),  which  in  the  formula  is  R,  and 
having  noted  the  deflection  a^,  should  multiply  the  latter  by  R ;  this 
gives  us  what  is  called  the  constant,  p  (the  resistance  to  be  deter- 
mined) is  then  inserted  in  the  place  of  R  ;  a  new  deflection  a  is 
thereby  obtained,  by  which  we  divide  the  constant,  and  thus  get  the 
value  of  p. 

This  method  of  measuring  resistances  is  one  which  is  sometimes 
employed  in  making  a  test  for  the  insulation  resistance  of  a  telegraph 
wire,  the  standard  resistance  R  being  1000". 

When  the  insulation  resistances  of  several  wires  are  to  be  measured, 
the  constant  would  first  be  taken  and  worked  out,  and  the  several 
wires  to  be  measured  being  inserted  one  after  the  other  in  the  place 
of  the  resistance  R,  the  deflections  are  noted  ;   then  the  constant 
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being  divided  by  the  several  deflections,  the  resistances  are  ob- 
tained. 

For  example. 

With  a  battery,  a  galvanometer,  and  a  resistance  of  1000*"  (B)  in 
circuit,  we  obtained  a  deflection  of  20  divisions  (a^),  then 

Constant  =  1000  x  20  =  20,000. 

Taking  away  the  resistance  and  inserting 

Wire  No.  1,  we  obtained  a  deflection  of  5  divisions 


» 

^9 

» 

» 

V 

» 

?> 

8, 

» 

» 

12 

» 

5> 

4, 

» 

» 

8 

n 

The  resistances  of  the  wires  would  then  be 

No.  1,  20,000  -i-    5  =  4000''. 

„    2,  20,000  -=-    6  =  SSSS**. 

„    8,  20,000  -=-  12  =  1666''. 

„    4,  20,000  -1-    8  =  6666". 

These  results  are  the  total  insulation  resistances  of  the  wires,  which 
may  be  of  various  lengths.  To  get  comparative  results  it  is  necessary 
to  obtain  the  insulation  resistance  of  some  unit  length  of  each  wire, 
such  as  a  mile. 

Now,  it  will  readily  be  seen  that  the  greater  the  length  of  the  wire 
the  greater  will  be  the  leakage,  and  consequently  the  less  will  be  the 
insulation  resistance,  or,  in  other  words,  this  resistance  will  vary 
inversely  as  the  length  of  the  wire.  To  obtain,  then,  the  insulation 
resistance,  or  "  insulation  "  as  it  is  simply  called,  all  we  have  to  do  is 
to  multiply  the  total  insulation  by  the  length  of  wire.  Thus,  for 
example,  if  No.  1  wire  were  100  miles  long,  its  insulation  per  mile 
would  be  4000  x  100  =  400,000*'. 

It  is  usual  to  fix  a  standard  insulation  per  mile,  and  if  the  result 
is  below  this  the  wire  is  considered  faulty.  200,000**  per  mile  is 
the  standard  adopted  by  the  Postal  Tel^raph  Department. 

12.  The  rule  of  multiplying  the  total  insulation  by  the  mileage 
of  the  wire  to  get  the  insulation  per  mile  is  not  strictly  correct,  more 
especially  for  long  lines,  as  it  assumes  that  the  leakage  is  the  same 
at  every  point  along  the  line.  This,  however,  is  clearly  not  the 
case,  as  a  little  of  the  current  leaking  out  at  one  point  leaves  a 
smaller  quantity  to  leak  out  at  the  next.    In  fact,  we  really  measure 
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the  last  portion  of  the  line  with  a  weaker  battery  power  than  we  do 
the  first.  The  true  law  is,  however,  somewhat  complex,  and  will  be 
considered  hereafter.* 

18.  The  galvanometer  deflections  have  hitherto  been  considered  as 
being  directly  proportional  to  the  currents  producing  them,  but  in  few 
galvanometers  is  this  the  case  if  the  deflections  are  measured  in  degrm ; 
in  such  a  case  the  deflections  are  proportional  to  some  function  of 
those  degrees,  such  as  the  tangent  Thus,  if  wq  were  reading  off  the 
scale  of  degrees  on  a  tangent  galvanometer,  that  is  to  say,  a  galvano- 
meter in  which  the  strengths  of  currents  are  directly  proportional  to 
the  tangents  of  the  angles  of  deflection  which  those  currents  produce, 
we  should  have  to  find  the  tangents  of  those  degrees  of  deflecdon 
before  multiplying  and  dividing. 

For  examph. 

If  with  a  tangent  galvanometer  we  obtained  with  the  standard 
resistance  of  lOOO"  a  deflection  of  20°,  and  with  the  unknown  resist- 
ance (p)  a  deflection  of  15^  then 


P  = 


tan  20'  X  1000 
tan  15" 


364  X  1^000 
•268 


=  1358". 


When  measuring  the  insulation  resistance  of  a  telegraph  wire, 
having  taken  the  constant,  we  should  join  up  the  instruments  and 
line,  as  shown  by  Fig.  2. 


^ruuJUiUdf 


Sariiv 


Fio.  2. 


In  making  a  measurement  of  this  kind,  it  is  usual  to  have  the 
positive  pole  of  the  battery  to  earth,  so  that  a  negative  (zinc) 
current  flows  out  to  the  line,  as  a  negative  current  will  show  best  any 
defective  insulation  in  the  wire,  a  positive  current  having  the  effect, 
to  a  certain  extent,  of  sealing  up  a  fault,  more  especially  if  the 
defect  is  in  any  underground  work  which  may  be  in  the  circuit. 

*  See  Appendix. 
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The  foregoing  method  of  measurement  is,  as  a  rule,  sufficiently 
accurate  for  all  practical  purposes.  Greater  accuracy  may,  however,  be 
obtained  with  but  httle  extra  trouble  by  allowing  for  the  resistance  of 
the  battery  and  galvanometer  in  the  following  manner : — 

Instead  of  multiplying  the  constant  deflection  by  the  1000**  stan- 
dard resistance,  multiply  it  by  1000  plus  the  resistance  of  the  galvano- 
meter and  battery,  and  having  divided  the  result  by  the  deflection 
obtained  with  the  line  wire  in  circuit,  subtract  from  the  result  the 
resistance  of  the  galvanometer  and  battery. 

For  example. 

With  a  standard  resistance  of  KHX^,  a  tangent  galvanometer  of  a 

resistance  of  50**,  and  a  battery  of  a  resistance  of  100**,  we  obtained 
a  deflection  of  30**,  and  with  the  line  wire  in  circuit  a  deflection  of 
10%    What  was  the  exact  insulation  resistance  of  the  line  ? 


Insulation  > 
resistance  ) 


ten  80'  (1000  +  50  +  100) 
ten  10" 

•577  X  1150 


-  (50  +  100) 


•176 


-  150  =  3760". 


In  order  to  save  calculation  it  is  very  convenient  to  have  a  table 
constructed  on  the  following  plan : — 


Eahth  Rbadino8. 


•a 

a 

fk      CD 

ll 
1  ' 

I 

a 

-3 


20° 

20900 

r'      1 

1 

3° 
6940 

4° 

5210 
5500 

10400   1 
IIOOO 

21° 
22° 

22000 
23100 
24300 

7320 
7710 
8100 
8500 

11600 

1 
12200 

12800 

1 

5780 

23° 
24° 

6070 

25500 

6370 

In  this  teble  the  first  vertical  colunm  represents  the  deflections  in 
degrees  obtained  with  a  tengent  galvanometer  through  a  stendard 
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resistance  of  1000  ohms,  and  the  top  row  of  degrees  are  the  deflec- 
tions obtained  with  the  line  wire  in  circuit.  The  nambers  at  the 
points  of  intersection  of  a  vertical  with  a  horizontal  column  give  the 
resistances  corresponding  to  those  deflections,  these  resistances  being 
calculated  from  the  formula 

Insulation  i  ^  tan  constant  reading  x  1000 
resistance    J  tAU  eardi  reading 

Thus  the  constant  deflection,  or  reading,  with  the  1000**  standard 
resistance  being  ^l^''^  and  the  deflection  with  the  line  wire  (the  earth 
reading)  being  2%  the  resistance  required  is  seen  at  a  glance  to  be 
11,600". 

Before  proceeding  to  the  more  intricate  systems  of  measurement, 
we  will  consider  some  of  the  instruments  which  would  be  used  in 
making  measurements  such  as  we  have  described. 
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CHAPTER   II. 
RESISTANCE   GOILS, 

14.  The  essential  points  of  a  good  set  of  resistance  coils  are,  that 
they  should  not  vary  their  resistance  appreciably  through  change  of 
temperature,  and  that  they  should  be  accurately  adjusted  to  the 
standard  units,  which  adjustment  ought  to  be  such  that  not  only 
should  each  individual  coU  test  according  to  its  marked  value,  but 
the  total  value  of  all  the  coils  togetlier  should  be  equal  to  the 
numerical  sum  of  their  marked  values.  It  will  be  frequently  found 
in  imperfectly  adjusted  coik  that  although  each  individual  coil  may 
test,  as  far  as  can  be  seen,  correctly,  yet  when  tested  altogether  their 
total  value  will  be  perceptibly  more  or  less  than  the  sum  of  their 
individual  values  ;  because,  although  an  error  of  a  fraction  of  a  unit 
may  not  be  evident  in  testing  each  coil  individually,  yet  the  accumu- 
lated error  may  be  comparatively  large. 

15.  The  wire  of  the  coils  is  generally  either  of  a  platinum-silver 
alloy  or  of  German  silver  ;  the  former  material  has  the  advantage 
that  its  resistance  is  changed  but  very  slightly  by  variation  of  tempera- 
ture ;  this  variation  not  amounting  to  more  than  '031  per  cent, 
per  degree  Centigrade  ('017  per  degree  Fahrenheit.)  Platinum- 
silver  is,  however,  expensive,  and  consequently,  where  the  highest 
possible  accuracy  is  not  of  great  importance,  German  silver,  whose 
percentage  of  resistance  variation  per  degree  Centigrade  is  '04:4: 
(•024  per  degree  Fahrenheit),  is  used.  The  alloy  discovered  by 
Mr.  F.  W.  Martino,  called  'platinoid^  which  is  a  combination  of 
tungsten,  copper,  nickel,  and  zinc,  besides  being  very  inexpensive,  has 
a  lower  coefficient  of  resistance  variation  by  change  of  temperature 
than  even  platinum-silver,  this  percentage  being  as  small  as  '021  per 
degree  Centigrade  ( •  012  per  degree  Fahrenheit),  it  is  therefore  largely 
used  for  resistance  coils  ;  the  only  objection  to  its  general  use  is  the 
possibility  that  its  resistance  value  may  alter  in  the  course  of  time, 
whilst  the  platinum-silver  alloy,  although  expensive,  is  known  to 
he  extremely  constant.     The  alloy   called   manganin,   which   has 
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<x)iDe  into  considerable  use,  has  also  a  very  small  temperature  coefficient ; 
some  specimens  of  the  alloy  in  fact  have,  it  is  stated,  been  found  to 
be  practically  unaffected  as  regards  resistance  by  change  (within 
<%rtain  limits)  of  temperature  ;  as  in  the  case  of  platinoid,  however, 
its  constancy,  although  probable,  is  not  assured. 

The  wire  is  usually  insulated  by  two  coverings  of  silk,  and  is 
wound  double  on  ebonite  bobbins,  the  object  of  the  double  winding 
being  to  eliminate  the  extra  current  which  would  be  induced  in 
the  coils  if  the  wire  were  wound  single.  By  double  winding,  the 
current  flows  in  two  opposite  directions  on  the  bobbin,  the  portion  in 
one  direction  counteracting  the  inductive  effect  of  the  portion  in  the 
other  direction.  When  wound,  tlie  bobbins  are  saturated  in  hot 
paraffin  wax,  which  thoroughly  preserves  their  insulation,  and  pre- 
vents the  silk  covering  from  becoming  damp,  which  would  have  the 
effect  of  partially  short-circuiting  the  coils  and  thereby  causing  their 
resistance  to  vary. 

The  small  resistances  are  made  of  thick  wire,  the  higher  ones  of 
thin  wire,  to  economise  space. 

When  bulk  and  weight  are  of  no  consequence,  it  is  better  to  have 
sll  the  coils  made  of  thick  wire,  more  especially  if  high  battery 
power  is  used  in  testing,  as  there  is  less  liability  of  the  coils  becoming 
heated  by  the  passage  of  a  current  through  them. 

16.  The  individual  resistances  of  a  set  of  coils  are  generally  of 
such  values  that,  by  properly  combining  them,  any  resistance  from 
1  to  10,000  can  be  obtained.  One  arrangement  in  general  use  has 
coils  of  the  following  values;  1,  2,  2,  5,  10,  1(),  20,  50,  lOo,  100, 
200,  500,  1000,  1000,  2000,  5000  ohms.     These  numbers  enable  any 
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resistance  from  1  to  10,000  to  be  obtained,  using  a  minimum  number 
of  coils  without  fractional  values.  As,  however,  it  is  a  matter  of 
some  little  difficulty  to  see  at  once  what  coils  it  is  necessary  to  put 
into  circuit  in  order  to  obtain  a  particular  resistance,  and  as  it  is  often 
necessary  to  be  quick   in  changing  the  resistances,  the  following 
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IS 


numbers  are  frequently  used :  1,  2,  ft,  4,  10,  -iO,  30,  40,  100,  200, 
SOO,  400,  lOOo,  2000,  8000,  4U00,  which  enables  any  partjcnlar 
resistance  that  is  required  to  be  inserted,  to  be  seen  almoet  at  a 
glance. 

The  way  in  which  the  v-arious  coils  are  connected  together  is 
shown  by  Fig.  H.  Tce  ends  of  the  several  resistances,  c,  c,  c,  .... 
are  joined  between  the  brass  blocks,  b,  b,  b,  , . . .  Any  of  the  coils 
can  then  be  cat  out  of  the  circuit  between  the  first  and  last  blocks, 
by  inserting  plugs,  p,  as  shown,  which  short-circuit  the  coils  between 
them  ;  thus,  if  all  the  plugs  were  inserted,  there  would  be  no  resist- 
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ance  in  circuit,  and,  if  all  the  plugs  were  out,  then  all  the  coils  would 
be  interposed. 

17.  There  are  various  ways  of  arranging  the  coils  in  sets ;  one  of 
the  most  common  is  that  shown  in  outline  by  Fig.  4,  and  in  general 
view  by  Fig.  5.  This  form  is  much  used  in  submarine  cable  testing. 
The  brass  blocks,  shown  in  plan,  are  screwed  down  to  a  plate  of  ebon- 
ite, which  forms  the  top  of  the  box  in, which  the  coils  are  enclosed. 
The  ebonite  bobbins  are  fixed  to  the  lower  surface  of  the  ebonite  top, 
the  ends  of  the  wires  being  fixed  to  the  screws  which  secure  the  brass 
blocks.  The  holes  shown  in  the  middle  of  the  brass  blocks  are  con- 
venient for  holding  the  plugs  that  are  not  in  use. 
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It  will  be  seen  that  six  terminals,  A,  B,  C,  D,  E,  F,  are  provided : 
when  we  only  require  to  put  a  resistance  in  circuit,  the  two  terminals 
D  and  E  would  be  used.  The  use  of  the  other  terminals  and  of  the 
movable  brass  strap  S,  will  be  explained  hereafter. 

18.  In  using  a  set  of  resistance  coils,  one  or  two  precautions  are 
necessary. 

First  of  all  it  should  be  seen  that  the  brass  shanks  of  the  pings 
are  clean  and  bright,  as  the  insertion  of  a  dirty  plug  will  not  entirely 
short-circuit  the  coil  it  is  intended  to  cut  out  It  is  a  good  plan 
^o  occasionally  scour  the  shanks  of  the  plugs  with  a  piece  of  fine 
emery  paper,  care  being  taken  to  rub  oflf  any  grains  of  grit  whiA 
may  remain  sticking  to  them  after  this  has  been  done. 

When  a  plug  is  inserted  it  should  not  be  simply  pushed  into  the 
hole,  but  a  twisting  motion  should  be  given  it  in  doing  so,  that  good 
contact  may  be  insured ;  too  much  force  should  not  be  used,  as  the 
ebonite  tops  may  thereby  be  twisted  off  in  extracting  the  plug.  Care 
should  also  be  taken  that  the  neighbouring  plugs  are  not  loosened 
by  the  fingers  catching  them  during  the  operation  of  shifting  a  ping. 

Before  commencing  work  it  is  as  well  to  give  all  the  plugs  a  twist 
in  the  holes,  so  as  to  insure  that  none  of  them  are  left  loose.  On  no 
account  must  the  plugs  be  greased  to  prevent  their  sticking,  and 
their  brass  shanks  should  be  touched  as  Httle  as  possible  with  the 
fingers. 

19.  For  taking  the  insulation  resistance  of  a  line  in  the  manner 
described  in  the  last  chapter,  such  an  elaborate  set  of  coils  is  not  of 
course  wanted.     A  single  coil  of  a  resistance  of  1000**  in  a  box  with 

two  terminals,  to  which  the  ends 
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of  the  coil  are  attached,  is  all  that 
is  required. 

Post  Office  Pattern  Resistance 
Coils, 

E  20.  One  of  the  most  useful 

B*    sets  of  coils  for  general  purposes, 
known  as  the  "Post  Office  pat- 
Fio.  6.  tern,"  is  that  represented  in  out- 

line by  Fig.  6,  and  in  general 
view  by  Fig.  7.  The  general  arrangement  of  resistances,  it  will  be 
seen,  is  the  same  as  that  shown  by  Fig.  4.  Two  keys,  however,  are 
provided  (shown  in  elevation  in  Fig.  6.)  The  contact  point  of  the 
right  hand  key  is  connected,  as  shown  by  the  dotted  line,  with  the 
middle  brass  block  of  the  upper  set  of  resistances,  the  terminal  B*  at  the 
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end  of  the  key  corresponding  in  fact,  when  the  key  is  pressed  down,  with 
the  terminal  B  shown  in  Fig.  4.  In  like  manner  the  terminal  A^  cor- 
responds with  the  terminal  A.  In  the  place  of  the  movable  strap 
of  brass  between  A  and  D  (Fig.  4),  a  plug  marked  INF.  (infinity) 
is  provided,  which  answers  the  same  purpose ;  an  infinity  plug 
is  also  placed  at  the  first  bend  of  the  coils  on  the  right  hand  of 
the  figure.* 

Wlien  we  require  simply  to  insert  a  resistance  in  a  circuit,  we 
should  use  the  terminals  A^  and  £,  the  left  hand  key  being  pressed 
down,  when  the  deflection  of  the  galvanometer  needle  is  to  be  noted. 
The  current  can  thus  be  conveniently  cutoff  or  put  on  when  required, 
by  releasing  or  depressing  the  key.  Care  should  be  taken  that  the 
two  infinity  plugs  are  firmly  in  their  places,  to  insure  their  making 
good  contaict.  For  the  same  purpose  the  key  contacts  should  be 
occasionally  cleaned  by  drawing  between  them  a  piece  of  clean  paper, 
the  key  being  held  firmly  down. 


Oamhrell  Pattern  Resistance  Coils. 

21.  Fig.  8  shows  a  set  of  resistances  devised  by  Messrs.  Oamhrell 
Bros.  In  this  arrangement  the  blocks  and  plugs  are  mounted  on  an 
ebonite  board  as  in  the  ordinary  pattern,  but  the  blocks  are  enclosed 
by  a  hinged  cover,  and  only  the  plug  heads  extend  outside  the  case. 
The  plugs  cannot  get  lost,  as  immediately  a  plug  is  released  from  the 
blocks  it  flies  to  the  top  of  the  lid  by  means  of  a  spiral  spring  and 
remains  out  of  circuit.  This  also  prevents  errors  arising  through 
loose  plugs.  No  dust  can  get  into  the  instrument,  as  there  are  two 
covers  over  the  blocks.  Another  feature  is  that  each  plug  is  always 
kept  in  the  same  hole.  In  the  best  class  of  instmments  of  this  type 
an  ebonite  top  is  used  in  place  of  the  ebonite  bashed  mahogany  lid, 
and  for  sub-divided  high  resistances  of  100,000  ohms  and  upwards, 
where  the  insulation  is  of  great  importance,  ebonite  pillars  hollowed 
out  to  receive  the  German  silver  springs  necessary  for  controlling  the 
action  of  the  plugs  are  fixed  on  the  cover.  The  brass  blocks  in 
these  high  resistance  instruments  are  mounted  on  ebonite  blocks  to 
insure  good  insulation  from  block  to  block. 

22.  Another  set  of  coils,  known  as  the  "  Dial "  pattern,  is  repre- 
sented in  general  view  by  Fig.  9.  In  this  pattern  ten  brass  blocks 
are   arranged    radially    around    a    central    circular    block.      One 

*  A  levening  Bwitoh,  the  use  of  which  will  he  explained  hereafter,  is  attached 
to  the  right  hand  side  of  the  box. 
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diaadvrtnt^e  of  the  arrangement  is  that  it  is  difficult  to  clean  the 
surface  of  the  ebonite  on  which  the  brass  blocks  are  mounted. 


Mnirhead  PntUrn  Reiktance  Coih. 
2S.  In  the  pattern  shown  by  Fig.  10,  designed  by  Dr.  Miiirhead,  the 
disadvantage  j net  referred  to  is  overcome  by  sul)stituting  a  rectangular 
bar  for  the  central  circular  block,  and  arranging  five  of  the  brass 


blocks  in  a  row  on  one  side  and  five  on  the  other  side  of  the  same. 
By  this  arrangement  a  piece  of  rag  can  easily  be  passed  between  the 
blocks  and  the  central  bar,  and  the  surface  of  the  ebonite  on  which 
the  blocks  and  bar  are  mounted  can  be  readily  cleaned. 

Dial  PiitUra  Renistimce  Coils  with  Spring  CoHtactx, 
ii.  Fig.  1 1  shows  a  set  of  coils  similar  in  general  arrangement  to 
Fig.  9,  but  in  which  the  various  resistances  are  brought  into  circuit 
by  turning  finger  knobs  instead  of  ^shifting  plugs.     For  quickness  of 
manipulation  this  arrangement  is  very  satisfactory. 
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Dial  Rtaistanct  Coils  with  Spring  Contaels — GambreU  Faltfrti. 

25.  In  tile  anangement  ehown  by  Figs.  1*2  and  13  (devised  by 
Messrs.  GambreU  Bros.),  the  position  of  the  finger  knobs  is  shown  br 
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**  counter  "  dials ;  this  is  a  great  advantage,  as  it  prevents  the  possi- 
bility of  mistake  in  reading  off  the  value  of  the  resistance  inserted ; 
the  mechanical  connection  between  the  finger  knobs  and  the  dials  is 
extremely  simple,  and  the  contacts  can  easily  be  got  at  when  cleaning 
is  necessary,  which,  however,  is  seldom  the  case,  as  the  cover  neces- 
sarily keeps  the  contacts  from  dast. 


Slide  Resistance  Coils. 

26.  Pig.  14  shows  the  principle  of  this  method  of  arranging 
Resistance  Coils. 

The  coils,  which  are  generally  all  of  equal  value,  are  connected 
between  brass  blocks,  as  in  Fig.  3,  but  instead  of  plugs  being  inserted 
between  the  blocks  to  cut  the  various  coils  out  of  circuit,  a  sliding 
piece,  B,  is  provided,  which  can  be  moved  along  a  rod  with  which  it 


Fio.  14. 

is  in  connection.  The  slider  has  a  spring  fixed  to  it  which  presses 
against  the  brass  blocks ;  it  is  evident,  then,  that  any  required  resist- 
ance can  be  inserted  between  A  and  B,  that  is,  between  A  and  a 
terminal  fixed  to  the  end  of  the  rod,  by  simply  sliding  the  piece  B 
along  the  rod. 

The  object  of  arranging  the  coils  in  this  manner  is  more  particu- 
larly to  enable  the  ratio  ofABtoBCtobe  varied,  whilst  the  sum 
of  the  two,  that  is  to  say,  the  whole  length,  A  C,  remains  constant. 

These  coils  are  in  some  cases  set  in  a  circle  instead  of  in  a  straight 
line,  the  contact-piece  B  being  a  spring  forming  a  radius  of  the  circle. 
This  is  a  very  compact  and  useful  arrangement. 

27.  For  some  tests  a  long  straight  wire  of  German  silver  or  other 
metallic  compound  is  employed  in  the  place  of  the  resistance  coils. 
It  is  important  that  this  wire  should  be  made  of  a  perfectly  uniform 
alloy,  and  should  be  of  the  same  diameter  throughout,  so  that  its 
resistance  maybe  directly  proportional  to  its  length;  thus,  if  the  slider 
were  at  the  middle  point  of  the  wire,  the  resistance  on  each  side 
should  be  exactly  the  same,  and,  if  at  any  other  point,  then  the  resist- 
ances on  either  side  should  be  exactly  proportional  to  the  scale 
lengths  of  the  two  parts. 

c  2 
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If,  as  is  BomeCimes  the  case,  it  is  required  to  nee  a  long  wire  of 
this  kind,  it  wonld  be  inconTenient  to  have  it  straight ;  in  sadi  ■ 
case,  therefore,  the  wire  is  woand  spirally  on  a  cylinder  of  ebonite  or 
other  insnlabing  material,  the  two  ends  being  connected  to  the  me&l 
azee,  these  latter  being  in  connection  with  terminals.  The  sliding 
contact-piece  Is  moved  along  parallel  with  the  azea  of  the  cylinder  by 
a  screw  which  gears  with  the  cylinder,  and  which  is  therefore  revolved 
by  the  handle  which  turns  the  latter  ;  the  contact  of  the  slider  with 
the  wire  is  made  when  required  by  pressing  the  former  with  the 
finger.  The  arrangement,  in  fact,  is  a  modified  form  of  Jacobi's 
Rheoelat. 

Paul-Harris  Teat-Wire. 

28.  Pig.  15  shows  a  very  convenient  and  compact  form  of  slide- 
wire,  known  as  the  "  Paul- Harris  Test  Wire "  (mannfactnied  by 
R.  W.  Panl).  In  this  arrangement  a  carefnlly  selected  wire  aboDt  TO 
inches  long  is  wound  spirally  on  the  edge  of  an  insnlating  dmm.  A 
contact  carrier  is  made  to  traverse  the  whole  length  of  the  wire  by 


rotating  a  ring  forming  part  of  the  cover  of  the  instroment.  By 
means  of  a  counter  actuated  by  the  rotating  ring,  the  exact  poeitdon 
of  the  contact  on  the  wire  can  be  easily  determined  within  T^^th  of 
the  wire  length.  The  wire  is  adjusted  to  1  ohm  and  will  cany  2'5 
amperes.  For  certain  teste  it  forms  a  very  nsefnl  portable  inst^- 
ment. 


BE8I8TANCE   COILS. 


The  Thomton-Jolin  Rhtottat. 


29.  This  apparatQB,  which  ib  shown  by  Fig.  16,  was  devised  by 
Lord  Kelvin  and  Mr.  P.  Jolin,  of  BriBtol,  and  is  a  valuable  modifica- 
tion of  the  original  rheostat  of  WheatBtone,  the  apparatus  being 
eatirelyfreefrom  the  defects  which  characterised  the  latter  instrument. 

In  this  rheostat  the  wire  is  guided  between  tlie  cylinders,  so  as  to 
be  laid  on  them  spirally,  by  means  of  a  travelling  nut  on  a  long  screw. 
The  screw  is  tarned  by  the  handle,  and  carries  a  toothed  wheel  which 
gears  into  two  other  toothed  wheels ;  one  of  the  latter  turns  one  of 


Fio.  16. 


Uie  cylinders,  and  the  other  a  loose  sliaft  carrying  the  other  cylinder ; 
a  spring  fixed  to  this  aliaft  act«  on  the  last-named  cylinder  which 
Burronnds  it  on  the  principle  of  the  main  spring  of  a  watch.  By  this 
arrangement  the  wire  is  kept  tightly  stretched,  and  the  barrels  can  be 
turned  backwards  or  forwards  without  the  wire  becoming  slack.  The 
guiding  nut  is  also  arranged  to  stop  the  motion  of  the  screw  shaft  at 
each  end  of  the  range,  and  so  prevent  the  possibility  of  over-windii^  ; 
it  also  carries  an  index,  which  moves  along  a  graduated  scale  and 
indicates  the  number  of  turns  of  wire  on  the  insulating  cylinder. 

The  conducting  cylinder  and  the  wire  are  both  of  "  platinoid," 
vhich  has  properties  which  make  it  specially  suitable  for  the  purpose. 
It  has  very  high  electrical  resistance,  which  (us  has  been  pointed  out 
on  p.  11),  varies  very  slightly  with  change  of  temperature,  and 
exposure  to  the  air  does  not  appear  to  tarnish  the  surface  of  the 
metal.  On  account  of  the  last-named  property,  the  contact  between 
the  wire  and  the  conducting<cylinder  is  as  perfect  as  can  be  desired  ; 
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and  oontinaity  of  action,  which  was  a  great  difficulty  in  the  old 
WheatBtone  instmment,  is  (according  to  Lord  Kelvin)  abfiolotely 
complete. 

80.  It  is  evident  that  a  much  finer  adjustment  of  resistance  can 
be  obtained  by  the  slide  wire  than  by  the  slide  resistance  coils,  bat 
inasmuch  as  the  length  of  the  wire  and  the  smallness  of  its  diameter 
most  be  limited,  it  does  not  admit  of  very  large  variations  of  resistr 
ance  being  obtained.  By  combining,  however,  a  slide-wire  resistance 
with  ping  resistance  coils,  this  difficulty  can  be  overcome,  though  in 
tests  which  we  shall  describe,  it  is  preferable  to  use  the  slide  coils. 

31.  Slide  resistance  coils,  though  very  convenient,  are  not  abso- 
lutely necessary  for  varying  the  ratio  of  the  resistances  in  the  manner 
described ;  for  it  is  evident  that  A  B  and  B  C  (Fig.  14)  could  be  two 
sets  of  resistance  coils  in  which,  to  adopt  the  slide  resistance  principle, 
the  resistances  would  have  to  be  increased  in  one  set  and  diminished 
in  the  other,  or  vice  versd^  care  being  taken  that  the  same  resistance 
is  added  in  one  set  as  is  taken  out  in  the  other. 


CHAPTER  III. 
GALVANOMETERS. 

32.  For  the  class  of  tests  in  which  it  is  required,  by  adjusting 
certain  reaistancee,  to  bring  the  needle  to  zero,  and  where  great 
sensitivenesa  ib  not  required,  the  simple 
form  of  galvanometer  Bhown  by  Fig.  17 
is  very  useful ;  it  is  a  pattern  used  in 
the  Foetal  Telegraph  Department  in 
conjunction  with  the  Wheatstotie  Bridge 
(Chapter  VIII.).  In  this  instrument 
there  is  but  one  needle  (within  a  coil), 
a  light  index  pointer  being  fixed  at  right 
angles  to  the  BHme,and  the  whole  having 
a  compass  suspension. 

33.  A  form  of  galvanometer  (manu- 
factured by  E.  W.  Paul)  similar  in  general  ym.  17. 
appearance  to  that  shown  by  Fig.  17,  but 

which  has  several  advant^es  over  the  latter,  is  that  represented  in 
Figs.  18  and  111.  In  this  instmment  a  circular  coil  is  fitted  with  one 
pivot  only  at  its  centre,  and  is  balanced  in  every  direction  about  this 


^^\ 


point.  The  pivot  rests  in  a  jewelled  cup  in  the  centre  of  a  spherical 
iron  core.  A  cylindrical  spring  attached  to  the  torsion  head  keeps 
the  movement  upright,  and  carries  the  current  to  the  coil,  and  also 
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provides  the  control.  The  current  is  led  away  through  a  light 
phosphor  hronze  strip  at  the  lower  end  of  the  coil.  Fig.  11)  allows 
the  arrangement  of  the  coil  with  the  front  half  of  the  spherical  con^ 
removed,  the  ooil  heing  in  poaitiou.  This  form  of  galvanometeririll 
give  a  deflection  of  about  l'>  divisions  with  an  electromotive-force  of 
1  millivolt  {xoinj  ^o'*)  applied  to  the  terminals,  the  coil  being  wound 
to  a  resistance  of  'M  ohms ;  it  is  independent  of  accurate  levelling,  a 
point  of  great  convenience. 

34.  In  cases,  however,  where  tests  of  the  kind  described  on  p.  i 
have  to  be  made,  a  different  class  of  instrument  is  necesairy ;  the 
form  shown  by  Fig.  20  is  a  convenient  and  useful  one  for  such  pur- 
poses, the  scale  being  graduatt-d  to  degrees.  The  instrument  is 
provided  with  an  astatic  pair  of  needles  suspended  by  a  cocoon  fibre. 
the  end  of  the  latter  Iieing  attached  to  a  piece  of  metal  connected  to 
a  screw,  by  the  twisting  of  which  the  needles 
can  Ixj  lowered  down  on  to  the  coil,  so  tliat 
^j--F~-  there  may  be  no  danger  of  the  fibre  being 

/!0^u\\\^\  fractured  when  the  instrument  has  to  be 

M  ■'"■]'  \  ^\    \        moved  alwut. 

When  the  galvanometer  is  to  be  used  it 
should  be  placed  on  a  firm  table,  and  tbe 
screw  connected  to  the  fibre  turned  until 
the  needles  swing  clear  of  the  coil.  The 
instrument  should  then  be  placed  in  encli 
a  position  that  the  top  needle  stAndB  us 
nearly  an  possible  over  the  zero  pointi*.  It 
should  nest  Im;  carefully  levelled  by  means 
I  of  the  levelling  screws  attHched  to  its  base. 
until  the  metal  axis  which  connects  the 
two  needles  together  is  exactly  in  the  centre 
of  the  hole  in  the  scale-card  through  which 
it  passes. 
The  i adjustment  of  the  needles  to  zero  is  much  facilitated  in  the 
instrument  by  making  the  coil  movable  about  the  centre  of  the  scale- 
card  by  means  of  a  simple  handle  attached  direct  to  the  coil.  The 
final  touch  can  thus  be  given  without  shaking  the  needles,  which 
woald  render  exact  adjustment  difficult. 

In  some  galvanometers  there  is  a  scale  graduated  to  degrees 
attached  to  the  coil,  so  that  the  angle  through  which  it  is  turned  c»n 
be  seen  if  required.  This  scale  is  employed  when  using  the  instmmeiit 
as  a  Sine  galvanometer. 
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The  Sine  Galvanometer. 

35.  It  has  been  before  stated  that  the  strengths  of  currents 
prodncing  certain  deflections  are  not  directly  proportional  to  those 
deflections,  bat  to  some  function  of  them,  such  as  the  tangent  In 
measuring  strengths  of  currents  by  means  of  a  sine  galvanometer 
the  procedure  is  as  follows  : — 

The  needle  is  first  adjusted  to  zero.  The  current  whose  strength 
is  to  be  measured  is  then  allowed  to  flow,  and  a  deflection  of  the 
needle  produced.  The  coil  is  now  turned  round ;  this  causes  the 
needle  to  diverge  still  more  with  respect  to  the  stand  of  the  instru- 
ment, but  the  angle  which  it  makes  with  the  coil  becomes  less  the 
farther  the  latter  is  turned,  and  finally  a  point  is  reached  at  which  the 
needle  is  again  parallel  to  the  coil — that  is,  its  ends  are  again  over 
the  zero  points  on  the  scale-card.  The  explanation  is,  that  the 
deflective  action  of  the  coil  on  the  needle  is  always  the  same,  provided 
the  current  strength  does  not  vary,  but  the  further  the  needle  moves 
from  the  magnetic  meridian,  the  greater  becomes  its  tendency  to 
return  to  that  meridian,  and  finaUy,  when  the  needle  becomes  parallel 
to  the  coil,  the  deflective  force  of  the  latter  exactly  balances  the  re- 
active force  of  the  earth's  magnetism. 

The  strength  of  the  current  which  produces  the  deflection  of  the 
needle  will  then  be  directly  proportional  to  the.  sine  of  the  angle 
through  which  the  coil  lias  been  turned. 

The  sine  galvanometer,  though  but  rarely  used,  is  a  very  accurate 
instrument,  in  so  far  that  its  results  are  entirely  independent  of  the 
shape  of  the  coil,  size  of  the  needle,  etc.  The  only  precaution 
necessary  is  to  see  that  when  the  needle  is  at  zero  at  starting  it 
is  brought  back  exactly  to  zero.  Indeed,  it  is  not  absolutely 
necessary  that  the  starting  point  be  zero — the  law  of  the  sines  holds 
good  if  the  needle  be  at,  say,  5**  when  commencing,  but  in  this  case, 
by  the  turning  of  tlie  coil,  the  needle  must  be  brought  back  to  5**,  and 
not  to  zero. 

The  Tangent  Galvanomjrtbr. 

86.  The  tangent  galvanometer,  which  is  perhaps  the  most  useful 
and  convenient  instrument  for  general  purposes,  consists  essentially  of 
coils  of  wire  wound  in  a  deep  groove  in  the  circumference  of  a  circular 
ring,  a  magnetic  needle  being  placed  over  a  graduated  circle  at 
the  centre  of  the  latter.  The  length  of  this  needle  must  be  small 
compared  with  the  diameter  of  the  coils,  so  as  to  insure,  as  far  as 
possible,  the  magnetic  influence  of  the  current  on  the  needle  being 
the  same  at  whatever  angle  the  needle  may  be  with  respect  to  the 
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coil.  To  effect  this  result,  the  magnet  should,  theoreticallj,  be  a 
mere  point,  but  this  is  of  course  impossible,  and  practicallj  it  is  suffi- 
cient for  the  coil  to  be  eight  or  ten  times  as  large  in  diameter  as  the 
length  of  the  needle.  Upon  the  influence  of  the  coU  on  the  needle 
being  the  same,  whatever  angle  the  needle  takes  up  with  respect  to  it, 
depends  the  truth  of  the  proposition,  that  the  strength  of  currents  cir- 
culating in  the  coil  are  directly  proportional  to  the  tangents  of  the  angU$ 
of  deflection  of  the  needles.  For  a  6-  or  7-inch  ring,  a  needle  about 
three-quarters  of  an  inch  in  length  is  a  convenient  size,  and  gives 
sufficiently  accurate  results  for  all  practical  purposes.  The  needle 
must  be  so  placed  that  its  central  point  is  at  the  axis  of  the  coils,  and 
also  in  the  same  plane  with  them. 

37.  The  principle  of  the  instrument  is  as  follows : — 

Let  n  s  (Fig.  21)  be  the  needle  in  its  normal  position,  i.e.  the 

position  where  it  is  parallel  to   the  magnetic  meridian,  and  also 

parallel  to  the  ring  or  coils.     Let  n^  s^  be  the  position  the  needle 

takes  up  when  deflected  by  the  action  of  the  coils.     Draw  c  d&t  right 

angles  to  n^  s^  making  c  n^  equal  to  Wj  d ;  draw 
a  c  and  d  a^  each  at  right  angles  to  c  d;  also 
draw  n^  a  parallel  to  n  s  and  fi^  a^  at  right 
Ay^iLj    ftDgl^  to  n  s.    Now  the  position  which  the 
)^£       needle  takes  up  is  due  to  the  fact  that  the 
deflective  action  of  the  coils,  and  the  directive 
force  of  the  earth's  magnetism  when  resolved 
at  right  angles  to  the  needle,  are  equal  and 
opposite  in  effect.    The  first  of  these  forces, 
/j.  acts  at  right  angles  to  n  s,  and  the  second,  /p 
acts  parallel  to  n  s  ;  then  if  a  n^  and  a^  n^  re- 
present the  forces  /^  and  f^  respectively,  c  n^ 
Fio.  21.  aiid  d  «i  will  represent  the  resolved  forces  at 

right  angles  to  n^  s^,  which  forces  are  equal, 
since  equilibrium  is  produced  ;  let  their  value  be/.  Now  since  a  n^ 
is  parallel  to  ft  o,  and  a  c  parallel  to  n^  o,  the  angle  can^is  equal  to 
the  angle  a' ;  •  also  since  n^  a^  is  perpendicular  to  w  o,  and  n^  d 
is  perpendicular  to  n^  o,  the  angle  a^  n^  d  is  equal  to  the  angle  a. 
We  consequently  have 

/  =  /a  cos  a%  and/  =  /  sin  a  ; 
therefore  /j  cos  a**  =  f  sin  a% 

J.        /.  sin  a*        -  .         o 
or  /2  =/i o  =/i  tano  ; 

cos  a 

but/i  (the  directive  force  of  the  earth's  magnetism)  is  constant, 

•  *  Euclid/  Book  i.Iprop.  34. 
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therefore  /,  (the  deflective  force  of  the  coila)  ia  proportiooal  to  tan  a°, 
that  is  to  say,  the  cairent  atren^,  C,  in  the  ring  or  coils  is  pro- 
portjonal  to  tan  a*,  *  or 

G  =  tan  a°  X  a  constant. 
38.  Fig.  22  shows  a  pattern  of  tangent  galvanometer  which  is 
naed  b;  the  Postal  Telegraph  Department,  t     The  magnetic  needle 


■od  151,  of  tbe  '  Prooeedtugt  of  the  Manoheater  Lltenr;  itiid  Pl^loaophiol 
Society,'  that  If  the  needle  m  of  a  cotuiderable  length,  then  if  a°  be  the  angle 
of  defleatiOD,  I  the  mo^iutte  length  of  the  needle  (geoerallj  abont  [  of  the  aatoal 
length),  and  d  the  magnetic  diameter  of  the  ooil,  the  coneotkni  to  be  anpplied  to 
the  tangsntjof  tbe  angle  of  deflection  ie 


;iC4t«i'«' 


1)*   rin2«' 


tan  B  =  i  =  tan  26°  30'. 
t  The  exact  arrangement  of  this  instrument  ia  dewribed  in  the  Appendix. 


28  HANDBOOK   OF  ELECTRICAL  TESTING. 

(which  Ib  i  of  an  inch  long)  haa  a  long  pointer  of  gilt  copper,  about 
5  inches  long,  fixed  at  right  angles  to  it ;  when  the  needle  is  parallel 
to  the  coil,  each  end  of  this  pointer  is  over  the  zero  of  a  gradaated 
scale.  One  of  these  scales  is  divided  to  tme  degrees,  and  the  other 
to  numbers  proportional  to  the  tangent  of  those  d^rees,  so  that  if  we 
read  off  two  deflections  from  the  degrees  scale,  the  other  extremity  of 
the  pointer  will  indicate,  approximately,  numbers  proportional  to  the 
tangents  of  those  two  degrees  of  deflection. 

Now,  as  the  strengths  of  currents  producing  certain  deflections 
are  proportional  to  the  tangents  of  the  degrees  of  those  deflections, 
if  we  read  off  from  the  degrees  scale  we  must,  as  explained  in 
Chapter  I.  (§  18,  page  8),  reduce  the  degrees  to  tangents,  from  a  table 
of  tangents,*  before  working  out  a  formula  which  has  reference  to 
the  strengths  of  currents.  If,  however,  we  read  off  from  the  tangent 
scale,  no  reduction  is  necessary,  and  the  numbers  can  be  at  once 
inserted  in  the  formula. 

To  avoid  parallax  error,  in  consequence  of  the  pointer  being 
elevated  above  the  scale,  a  mirror  is  fixed  under  each  end  of  the 
pointer,  so  that  when  we  look  at  the  end  of  the  latter  and  see  that  its 
reflected  image  coincides  with  the  pointer  itself,  we  know  that  we  are 
looking  at  the  end  perpendicularly  with  the  scale. 

39.  Before  using  the  galvanometer,  it  should  be  seen  that  the 
pointer  has  not  become  bent,  but  stands  at  right  angles  to  the  magnet, 
and  that  when  suspended  it  turns  freely.  On  no  account  should  the 
magnet  suspension  be  oiled,  as  quite  the  opposite  effect  to  what  is 
intended  will  be  produced  by  so  doing.  Care  should  be  taken  that 
the  scale  is  in  its  proper  position,  so  that  when  the  two  ends  of  the 
pointer  are  over  the  zero  points,  the  pointer  stands  at  right  angles  to 
the  coils.  The  correct  setting  of  the  position  of  the  scale  with  refer- 
ence to  the  coil  is  a  mechanical  adjustment  which,  when  once  properly 
effected,  is  not  likely  to  alter ;  it  is,  however,  as  well  to  verify  its 
correctness  by  means  of  a  set  square  before  the  instrument  is  brought 
into  general  use.  The  pointer  attached  to  the  magnetic  needle  is  very 
subject  to  accident,  and  is  often  badly  adjusted.  The  correctness  of 
the  setting  can  be  verified  by  placing  the  galvanometer  so  that  the 
pointer  stands  at  zero,  and  then  sending  a  current  through  the  coil 
first  in  one  direction  and  then  in  the  other.  The  deflections  on 
either  side  of  zero  in  this  case  should  be  equal ;  if  they  are  not,  the 
position  of  the  pointer  relative  to  the  needle  should  be  readjusted 
until  the  required  equality  of  deflections  on  either  side  of  zero  is 
obtained.     Care  should  be  taken  when  making  this  adjustment  to 
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place  the  instrument  clear  of  any  unequally  distributed  masses  of  iron, 
otherwise  unequal  deflections  may  be  obtained  although  the  pointer 
and  magnet  are  correctly  set. 

Angle  of  Maximum  SmsUivensss. 

40.  In  using  the  tangent  galvanometer,  it  is  always  as  well  to 
avoid  obtaining  either  very  high  or  very  low  deflections.  The  reason 
of  this  is,  that  any  small  change  in  the  strength  of  a  current  traversing 
the  galvanometer  will  produce  the  greatest  effect  on  the  needle  when 
the  latter  stands  at  some  deflection  which  is  neither  very  high  nor 
very  low.  The  galvanometer  is,  in  fact,  most  sensitive  when  the 
needle  points,  under  the  influence  of  a  current,  at  that  deflection. 

Thus,  for  example,  suppose  we  had  a  current  which  produced  a 
deflection  of  5**,  and  this  current  was  increased  say  by  ^,  then  the 
deflection  would  be  increased  to  5**  30',  because 

tan  S**  :  tan  5°  80'  :  :  1  :  It^,. 

Next,  suppose  the  needle  stood  at  80°,  and  the  current  was,  as 
before,  increased  by  tV,  then  the  deflection  would  be  increased  to 
80'  54',  for 

tan  80°  :  tan  80°  54'  :  :  1  :  l^. 

Lastly,  let  us  suppose  the  needle  stood  at  48°,  then  by  the  increase 
in  the  current  the  deflection  would  have  changed  to  45°  48',  for 

tan  43°  :  tan  45°  48'  :  :  1  :  ItV- 

In  the  first  case,  then,  when  the  deflection  was  low,  the  increase 
was 

5**  80'  -  5°  =  30' ; 

in  the  second  case,  when  the  deflection  was  high 

80°  54'  -  80°  =  54' ; 

and  in  the  third  case,  when  the  deflection  was  of  medium  value, 

45°  48'  -  48°  =  2°  43'. 

What,  then,  is  the  deflection  at  which  this  increase  is  greatest  ? 

The  point  to  be  determined  is,  what  deflection  is  increased  most 
by  any  small  alteration  in  the  current  producing  that  deflection  ? 

If  C  be  a  current  giving  a  deflection  of  ai°,  and  C^  a  current  a 
little  stronger,  say,  which  increases  this  deflection  to  (a^  +  8°),  we 
have  to  find  what  value  given  to  04°  makes  8°  as  large  as  possible 
when  C  and  C^  are  very  nearly  and  ultimately  equal. 
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We  have 

C  :  Ci  :  :  tan  tti''  :  tan  (a^  +  8°), 
therefore 

tan  (a^''  -h  8°)  =  ?i  tan  a,\  [A] 

Now  we  have  to  make  $°  a  maxunum,  supposing  that  the  foregoing 
equation  holds  good. 

Since  8"  is  to  be  a  maximum,  tan  8**  must  also  be  a  mAYiTnnm. 

Now 


therefore 


tan(a,^  +  n=    ton  a/  +  tan  8°    =  Cj 

^  ^  ^       1  -  tan  ai''  tan  8^       C         ^ 

tan  oi"  +  tan  8°  =  ^  tan  ai"  (1  -  tan  ai'*  tan  8'), 


therefore 

tan  8'  (l  +  ^1  tan^ai'')  =  tan  a^'f^  -  l\ 

'  therefore 

tan<(g-l)  gi-1 

1  +  -^  tan^  a/        — L-  +  ^  tan  eu** 
C  ^         tan  a^       C        ^ 

"We  have  then  to  find  what  value  of  tan  a^"  makes  this  fraction 
a  maximum,  and  this  we  shall  do  by  finding  what  value  makes  the 
denominator  of  the  fraction  a  minimum.    Now 


^  *  I  '«''"■•  -  (vsb  -  ^/'c  •"  •■■)'  ^  VI' 


tan 
and  this  will  be  a  minimum  when 


— o  -  \/&  ta°  «.°  =  0. 


Vtan  ai*"       ^^   C 

that  is,  when  

1  =  ^^  tanai',    or    tan  a/  =  ^^  ; 

Q 

but  as  |Ci   and  C   are  ultimately  equal,  —   becomes  equal  to  1, 

therefore  _ 

tan  ai°  =  Vl  =  1  =  tan  45°. 
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4:1.  We  see,  then,  that  in  order  to  make  the  tangent  galvanometer 
as  sensitive  as  possible  we  should  obtain  the  deflection  of  its  needle 
as  near  45"  as  possible ;  45**  is,  in  fact,  the  angU  of  maximum 
sensitiveness. 

Every  galvanometer  has  an  angle  of  maximum  sensitiveness,, 
although  it  is  not  the  same  in  all.  The  angle  can,  however,  be  found 
experimentally  (see  *  Calibration  of  Galvanometers,'  pp.50  and  118),. 
and  should  be  marked  on  the  instrument  for  future  reference. 

42.  K  we  require  to  adjust  two  currents  in  two  different  measure- 
ments so  that  they  shall  be  equal  in  both  cases,  it  is  evident  that  the 
needle  of  the  galvanometer  employed  to  measure  them  should  in 
each  case  show  the  same  deflection.  In  making  the  two  measure- 
ments, we  take  the  deflection  obtained  by  one  current  as  the  standard, 
and  then,  in  making  the  second  measurement,  we  adjust  the  current 
antil  the  same  deflection  is  obtained.  Now  the  accuracy  with  which 
this  current  can  be  adjusted  depends  upon  the  sensitiveness  of  the 
galvanometer  to  a  change  in  the  strength  of  the  current,  and  we  have 
seen  that  this  sensitiveness  is  at  a  maximum  when  the  deflection  is 
45°.  If,  therefore,  we  employ  a  tangent  galvanometer  for  such  a 
test  as  that  just  mentioned,  we  should  endeavour  in  both  measure- 
ments to  bring  the  needle  to  45**. 

43.  In  what  way  can  the  property  of  the  galvanometer  be  taken 
advantage  of  when  comparing  two  deflections  ? 

We  must  in  such  a  case  endeavour  to  obtain  both  deflections  as 
near  to  45**  as  possible.  To  do  this  we  should  have  to  get  one 
deflection  on  one  side,  and  the  other  deflection  on  the  other  side,  of 
45\  But  then  the  question  arises,  should  we  get  the  deflections  at 
an  equal  distance  on  either  side,  or  one  closer  to  the  45°  than  the 
other ;  and  if  so,  should  the  higher  or  the  lower  deflection  be  the 
closer  of  the  two  ? 

Now,  a  little  consideration  will  make  it  clear  that  if  the  twa 
deflections  in  question  are  taken  either  near  0°  or  90**,  they  will  be 
much  closer  together  than  if  they  are  taken  near  45**,  for  the  reason 
that  the  tangents  of  high  or  low  deflections  differ  more  widely  from 
one  another  than  do  the  tangents  of  medium  deflections.  But  we 
have  shown  that  when  deflections  are  high  or  low,  any  increase  or 
decrease  in  the  strength  of  the  current  producing  those  deflections 
has  less  effect  than  when  the  deflections  are  of  a  medium  value.  It 
is  therefore  evident  that  it  is  most  adva.nt^eous  to  get  the  deflections 
as  wide  apart  as  possible. 

Let,  then,  tan  ff*  represent  the  stronger,  and  tan  <^*'  the  weaker 
current,  and  let  one  current  be  n  times  as  strong  as  the  other. 
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We  then  have  to  find  what  valaee  of  B''  and  ^"^  make 

r  -^^^ 
a  maximmn,  supposing  that 

tan  ^**  =  n  tan  ^''. 

If  in  the  last  investigation  we  substitute  ff*  -  ^**  for  8",  <f>  for  o'l, 
and  n  for  ^^  we  can  see  that  in  order  to  get  the  required  result 

we  must  make 

tan^^"  =  -^, 
vn 

and,  since  tan  ff"  =  n  tan  ^', 

tan  0  =    ,     =  V  n. 
V  n 

If  one  current  strength  is  to  be  twice  as  great  as  the  other, 
then  n  =  2  ;  consequently, 

tan  f^"  =  V2"=  1-41421  =  tan  54°  44'  =  tan  54f , 
and 

tan  ^^  =  4-  =  -70711  =  tan  85'  16'  =  tan  35J\ 

These,  then,  are  the  deflections  that  theoretically  it  is  best  to  ob- 
tain in  making  a  test  with  a  tangent  galvanometer  in  which  one 
current  is  to  be  twice  as  strong  as  the  other.  But  practically  we  may 
make  the  deflections  55**  and  35^**,  as  these  are  more  convenient  to 
adjust  to,  and  tan  55*"  is,  within  1',  exactly  double  tan  SbV. 

If  we  examine  the  theoretical  deflections  54*  44'  and  Sb"  16'  it 

will  be  seen  that 

54»  44'  -  45^'  =.  9»  44', 

and 

45°  -  SS*"  16'  =  9''  44', 

or  in  other  words,  the  angular  deflections  on  either  side  of  45''  are 
in  this  case  the  same.  Let  us  then  see  whether  they  are  so  when  n 
has  any  value  other  than  2. 

The  angular  deflection  between  45**  and  0"  will  be 

^'  -  45% 
that  between  45°  and  ^°, 

45°  -  ^° ; 
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_  1  -  tan  ^\ 


and  tan  (45"  -  <^")  =  ± — ^^ 
^  ^       1  +  tan<^ 

but  we  know,  since 

tan  tf **  =  Jn.  andtan^*'=  -,-^» 

that 

1 


tan  ^    = 


tan^' 
that  is 

i.««  /^iRO     wi<>\  tan  G*      tan^"  - 1 

tan  (45   -*)=___.  ^_^^., 

tan  r 


that  is 
or 


tan  (45*  -  ^")  =  tan  (tf^  -  45), 
45"  -  <^'  =  r  -  45" ; 


showing  that  these  angolar  deflections  are  the  same  whatever  be  the 
value  of  n. 

This  is  a  very  useful  fact,  as  it  shows  that  when  we  are  making 
a  test  in  which  two  deflections  are  involved  whose  relative  values  are 
unknown,  we  should  so  adjust  the  resistances,  etc.,  that  the  deflec- 
tions are  obtained,  as  near  as  possible,  at  equal  distances,  on  either 
side  of  45". 

To  sum  up,  then,  we  have — 

Best  Conditions  for  using  the  Tangmt  Oalvanometer, 

44.  When  a  test  is  made  in  which  only  one  deflection  is  concerned, 
then  that  deflection  should  be  as  near  45"  as  possible. 

If  there  are  two  deflections  to  be  dealt  with,  then  these  should  be 
as  nearly  as  possible  at  equal  distances  on  either  side  of  45''.  If  one 
of  these  deflections  is  to  be  double  the  other,  then  55"  and  35^"  are 
the  most  convenient  to  employ. 

Skew  Zero, 

45.  Although  it  is  usual  to  take  the  readings  on  the  tangent 
galvanometer,  starting  with  the  pointer  at  the  ordinary  zero,  i.e.  with 
the  needle  parallel  to  the  plane  of  the  ring  or  coils,  yet  it  is  not 
absolutely  necessary  that  this  arrangement  should  be  adopted ;  the 
instrument  can  be  used   when  the  needle   in  its  normal  position 
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Fio.  23. 


makes  an  angle  with  the  plane  of  the  ring.  Under  the  latter  condi- 
tions, however,  the  current  strength  will  not  be  in  direct  proportion 
to  the  tangent  of  the  angle  of  deflection. 

Let  the  dotted  line  A  B  (Fig.  23)  represent  the  plane  of  the 
coils,  and  let  n  «  be  the  needle  in  its  normal  position,  i.e.  in  the  plane 

of  the  magnetic  meridian ;  also  let  n^  «}  be 
the  position  which  the  needle  takes  ap  under 
the  influence  of  the  current.  Let  jS"  be  ihe 
angle  which  the  needle  makes  normally  with 
the  coils,  and  let  a  •{■  fi^'he  the  angle  through 
which  the  needle  turns  when  deflected  to  the 
position  n^  Si. 

Draw  cd9Lt  right  angles  to  n^  «i,  making 
c  n^  equal  to  n^  ^ ;  draw  c  a  and  d  a^  each 
at  right  angles  U>  c  d;  also  draw  n^  a  parallel 
to  n  «,  and  n^  a^  at  right  angles  to  A  B.  Now 
since  n^  a  is  parallel  to  n  <?,  and  a  c  parallel 
ton^Oy  the  angle  e  a  n^  is  equal  to  the  angle 
a  -^  fi"" ;  also  since  n^  o^  is  perpendicular  to 
A  Oy  and  n^  ^  is  perpendicular  to  n^  0,  the 
angle  o^  nj  ^  is  equal  to  the  angle  a.    We  consequently  have 

/  =  /,  cos  a%  and/  =  /^  sin  (a'  +  /3*), 
/,  cos  a   =/i  sin  (a**  +  ^8*), 
/  .  /  sin  (a'*  4-  fi")* 

a  f  sin  g'*  cos  )y  +  sin  jg°  cos  a 

•^^  cos  a" 

=  /i  (tan  a'  cos  /3°  +  sin  p"") 
=  /.cos^«(tana'+^|:) 

=  /i  COS  pr  (tan  a'  +  tan  py 

So  that  cos  p"  being  a  constant  quantity,  the  strength  of  a  current 
is  directly  proportional  to  (tan  a   +  tan  p^\  which  is  the  reading  on 

*  If  tbe  angle  fiP  had  been  on  the  right-  instead  of  the  left-hand  side  (as  in 

Fig.  17)  of  the  ooils  AB,  the  angle  aP  still  being  the  angle  A  o  fii,  then  we  should 

haye  had 

.  __  sin  {aP  -  PP) 


therefore 


or 


[A] 
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the  tangent  scale  (§  88)  if  the  figures  on  the  latter  are  re-arranged  so 
that  the  zero  is  at  the  division  at  which  the  needle  points  in  its 
normal  position.*    Fig.  24  shows  a  scale  so  re-arranged,  the  new 


Fig.  24. 


figntes  being  additional  to  the  old  ones :  sach  a  scale  is  the  jone 
adopted  in  the  tangent  instraments  used  for  testing  purposes  in  the 
Postal  Telegraph  Department. 

Apart  from  the  fact  that  the  adoption  of  the  foregoing  '^  skew  " 
method  of  using  the  tangent  galvanometer  gives  an  increased  range 
to  the  instrument,  a  considerable  increase  of  sensitiveness  in  the  case 
of  high  deflections  is  also  obtained  \>j  it,  i.e.  a  current  which  would 
move  the  needle  of  the  instrument  through  a  given  angle  from  the 
old  zero,  will  move  it  through  a  much  larger  angle  from  the  new 
or  "skew"  zero.  This,  however,  is  only  the  case  if  the  first  angular 
deflection  in  question  (the  one  from  the  old  zero)  exceeds  a  certain 
value :  if  it  is  less  than  this  value,  then  the  deflection  for  a  given 
current  will  be  less  from  the  skew  than  from  the  old  zero. 

*  It  Bhoald  be  pointed  out  that  if  the  needle  does  not  defleot  from  the  zero 
pOBition  to  the  opposite  side  of  the  rin^  or  coils,  then  the  angle,  a%  which  it 
makes  with  A  B,  being  on  the  left-hand  side  of  A  B,  must  be  taken  as  negative. 
In  this  case  we  get 

/,  =  /i  cos  i3^  (tan  i8°  -  tan  o®). 

(tan  fiP  —  tan  a°)  is  in  this  case  also  the  reading  on  the  tangent  scale  if  the  figures 
on  the  latter  are  re-arranged  so  that  the  zero  is  at  the  division  at  which  the^needle 
points  in  its  normal  position. 
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Let  C  be  the  angular  deflection  obtained  with  a  given  coirent 
when  the  needle  is  deflected  from  the  ordinary  zero,  then 

/  =  /itanr; 

bnt  if  the  needle  had  been  at  the  skew  zero,  then  with  the  same 

current  we  should  have  had 

-  _   -  sin  (a"  +  /3") 

•^  ~  -^^       cosa^       * 
therefore 

cos  a 

Suppose  we  have  )3°  »  GC",  and  suppose  the  current  to  be  of  sudi  a 
strength  as  to  turn  the  needle  through  an  angle  of  120*'/then  in  this 
case  a**  =  60**,  and  we  consequently  have 

sin  120' 


tanr  = 


cos  60'  • 


but  sin  120*  =  sin  U80'  -  60')  =  sin  60% 
therefore 

tan  r  -  ^^^  =  tan  60', 
^        cos  60' 

or 

r  =  60' ; 

that  is  to  say,  the  angle  through  which  the  needle  would  turn  if  the 

zero  were  60'  to  one  side  of  zero,  would  be  twice  what  it  would  be  if 

it  were  deflected  from  the  ordinary  zero. 

The  relative  values  of  the  deflections,  with  a  given  current,  from 

the  ordinary  and  from  the  skew  zero,  approach  nearer  to  an  equality 

in  proportion  as  the  deflections  become  smaller ;  at  a  certain  point 

they  become  equal,  and  then  the  relative  values  become  reversed,  i.e. 

for  the  same  current  the  deflection  from  the  skew  zero  becomes  lees 

than  the  deflection  from  the  ordinary  zero.    Let  us  determine  at 

what  point  the  deflections  from  the  two  zeros  become  the  same.    We 

have  in  this  case 

sin  (a"  +  fi')       .        o       sin  a 
— ^  --«-'— ^  =  tana   = 


-  ^^4i  u,         — , 

cos  a  cos  a 


therefore 

sin  (a'  +  ^8')  =  sin  a' ; 

if  now  the  angle  a'  is  negative,  that  is  to  say,  if  the  angular  deflec- 
tion from  the  skew  zero  is  less  than  the  angle  /?',  then  we  have 

sin  (fi°  -  a')  =  sin  a% 
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or 

p   -0=0, 
tihatis 

iS-  =  2  «% 
or 

«  =|; 

that  is  to  say,  whatever  be  the  angle  p''  (the  angular  distance  of  the 
skew  &om  the  ordinary  zero),  then  a  current  sufficient  to  move  the 

needle  a  distance  of  ^  from  the  ordinary  zero  would  move  the  needle 

the  same  distance  from  the  skew  zero.    ^  the  deflection  from  the  old 
zero  he  less  than  ^,  then  the  deflation  from  the  skew  zero  will  he  less 

stiUy  so  that  there  is  no  advantage  in  the  use  of  the  skew  zero  unless 

the  deflections  exceed  ^. 

2 

From  what  has  been  proved,  it  is  obvious  that  the  greater  we 
make  P"  the  greater  will  be  the  deflection  obtained  with  a  given 
current ;  but  there  is  a  practical  limit  to  increasing  ^S",  for  the  larger 
we  make  the  latter  the  more  does  the  deflective  action  of  the  coil  tend 
to  act  in  a  direction  parallel  but  opposite  to  the  earth's  magnetism, 
the  consequence  being  that  the  resultant  of  the  two  forces  is  a  com- 
paratively small  quantity,  and  the  friction  of  the  pivot,  etc.,  prevents 
the  needle  from  settling  down  to  the  true  angle  representing  the  force 
of  the  current.  Under  such  conditions  large  errors  in  the  readings 
may  result.  Were  it  not  for  this  fact  the  instrument  would  increase 
in  actual  sensitiveness  up  to  the  point  at  which  )8°  =  OO"",  at  which 
point  the  needle  would  not  move  unless  acted  upon  by  a  current 
exceeding  in  deflective  force  the  intensity  of  the  earth's  magnetism ; 
when  the  current  exceeded  this  value  the  needle  would  swing  com- 
pletely round  through  an  angle  of  ISO''. 


Angle  of  Maximum  Sensitiveness. 

46.  Bef  erring  to  page  30,  it  is  obvious,  since  the  current  strength 
is  in  proportion  to  tan  ai°  +  tan  )3%  that  equation  (A)  on  the  page 
referred  to  becomes 

tan  (oi*'  +  8')  +  tan/S'*  =  ^  (tan  oj'  +  tan  )8°), 
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or 

tan  (ai*  +  «•)  =  9,1  (tan  oi**  +  tan  fi")  -  tan  0^. 

Now  we  have  to  make  S'  a  maximum,  supposing  that  the  forgoing 
equation  holds  good. 

Since  8"*  is  to  be  a  maximum,  tan  S*"  must  also  be  a  maximam. 

Now 

+  tan  )8°)  -  tan  fi\ 
therefore 

tan  tti'  +  tan  fi''  =  f^i  (tan  a^""  +  tan  P")  -  tan  ^sO 

[1  -  tan  ai*  tan  S''], 

4 

therefore 

tan  8'  jl  +  g^  tan  oj'  (tan  Oi**  +  tan/S^  -  tan  Oi'  tan  ^S'l 

=  (tan  di' +  tan  i80  (^1  -  l), 

therefore 

(tan  a;  +  tan  n  (gi  -  l) 


tan  8'  = 


1  -  tan  oj"  tan  /3'  +  ^^  tan  a^"  (tan  oi°  +  tan  j9") 

C        ^ 


1  -J?^?il_^_^°  +  ^tana/ 
tan  04°  +  tan  /S"       C  ^ 

We  have  then  to  find  what  value  of  tan  a^'*  makes  this  fraction 
a  maximum,  and  this  we  shall  do  bj  finding  what  value  makes  the 
denominator  of  the  fraction  a  minimum.    Let   tan   o^**  =  a,  tan 

B°  =  J,  and  ^  =  *c,  then  we  have  to  determine  what  value  of  <» 

makes 

1  -  ab 


a  -k-  b 


a  mimmum. 
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Now 


TTT  +  'c  a  =  K  (a  4-  J)  [  1  -   -  -^-  ^—  J 

+  2  ^K  (1  +  b^)  -  J  (ic  +  1), 
and  this  will  be  a;minimnm  when 

s/ 


2 


1  +  b'^ 


^--TTb--^^ 
that  is,  when 


n^h  /I  +  ** 


but  as  Gi  and  C  are  nltimatelj  eqnal,  y^,  that  is  ^c,  becomes  eqoal 


to  1,  therefore 

therefore 
therefore 
therefore 

that  is 

or 

therefore 

or 


«  +  5=  Vl  +  b\ 

a^  -h  b^  -h  2  ab  =^  1  +  b^, 

2ab  =  I  -  a\ 
1  -  a2 


b  = 


2a    ' 


cot  (90'  -  i8')  =  cot  2  ai% 
90^*  -  /3'  =  2  ai% 

Since  )8°  cannot  be  greater  than  90"*,  or  less  than  0°  (unless  it  has 
a  native  value),  we  see  that  a^''  must  lie  between  the  ordinary  zero 
and  45"  from  it.  In  the  case  of  a  galvanometer  where  )8°  =  60**  we 
have 

that  is 

(60"  +  15"),  or  75%  from  the  skew  zero. 
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47.  In  order  that  a  tangent  galvanometer  when  used  in  the 
ordinary  way  may  give  aocnrate  resnlts,  it  is  obviously  neoessaiy  tbt 
the  magnetic  needle,  or  rather  the  magnetic  axis  of  the  same,  be 
strictly  parallel  to  the  magnetic  plane  of  the  coils,  that  is  to  say,  the 
angle  p^"  must  be  equal  to  nothing.  When  the  latter  is  the  case, 
the  angular  deflection  for  a  given  current  should  be  the  same  to 
whichever  side  of  zero  the  needle  is  deflected.  If  it  is  found  that 
these  deflections  are  different,  we  can  determine  from  the  two  results 
what  is  the  magnitude  of  the  angle  jS"*  (Fig.  23,  page  84).  Refening 
to  this  figure,  let  $1  be  the  angular  movement  of  the  needle  from  its 
position  of  rest,  then 

or 

therefore  from  equation  (A)  (page  34),  we  can  see  that  in  this  case 

If  the  current  is  now  sent  in  the  reverse  direction,  and  the 
angular  movement  of  the  needle  from  its  position  of  rest  is  0^^  we 
have 

f  £        sm  ^2 

•^^  "■ -^^  c^"(^2^  V  ^'y 

therefore 

sin  $^ .  ^  _    sin  0^_ 

cos  (^1^  -  )30      cbs  (^/  -f^")' 
therefore 

sin  ^1° ^     __       mi  $2 

cos  6{  cos  ^°  +  sin  6{  sin  P"      cos  6^  cos  j8*  -  sin  6^  s^°  ^* 

therefore 

cot  0^  cos  )8"  +  sin  j8"  =  cot  tf/  cos  )8'  -  sin  )8% 

therefore 

cot  tfi"  +  tan  j8"  =  cot  0\  -  tan  p\ 

2  tan  ^'  =  cot  6^"  -  cot  e{, 
ten  oo  ^  cot  g/  -  cot  e^^ 


that  is 

or 

ten  fi°  =  "^^  ^2 

2 


that  is,        )8°  must  be  an  angle  whose  tangent  is  ~ — ^    "  ^ — ^-. 
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To  make,  then,  the  instrament  read  correctly,  the  graduated  dial 
plate  would  have  to  be  tnmed  roand  through  the  angle  /3°,  in  the 
direction  in  vhich  the  needle  moved  wheu  the  larger  of  the  two 
defiectionB  waa  obtained ;  the  zero  point  will  then  be  correctly  set, 
and  the  tangent  of  the  angle  of  deflection  taken  from  this  zero  will 
repieeent  directly  the  current  strength.  When  the  needle  is  provided 
with  a  pointer,  the  eimpleBt  method  of  making  the  correction  ia  to 
readjuBt  the  pointer,  as  explained  in  3  89  (p^e  28),  until  equal 
readings  are  obtained,  with  the  same  current,  on  both  aides  of  zero. 

The  Gauoain  Galtanometek. 
48.  A  form  of  tangent  galvanometer,  which  is  in  very  general 
use  for  lecture  and  educational  purposes,  is  shown  by  Fig.  25.    This 
instmment  is  known  as  the  Oaugain  galvanometer,  though  actually, 


it  ia  a  modification  by  Helmholtz  of  the  original  instrument  of 
Gangain.  It  waa  shown  by  the  latter,  that  if  the  magnetic  needle 
were  sospeuded,  not  at  the  centre  of  the  coil,  bnt  at  a  point  on  the 
axis  at  a  distance  from  the  centre  equal  to  half  the  radiuaiof  the  coil, 
then  the  chief  error  due  to  the  magnetic  needle  not  being  infinitely 
short,  disappears.     Helmholtz  improved  upon  this  arrangement  by 
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pliusing  a  second  coil,  similar  to  the  first,  at  an  equal  distance  on  the 
Other  side  of  the  magnet ;  by  this  means  the  error  due  to  the  centre 
of  the  magnetic  needle  not  being  tmly  at.  the  point  indicated  bj 
Oaugain,  is  got  rid  of.  In  order  that  the  ratio  between  the  diameter 
of  the  coil  to  its  distance  from  the  centre  of  the  magnet  may  be  pre- 
served with  reference  to  every  turn  of  which  the  coil  is  composed, 
these  tarns  should  be  wound  on  a  conical  surface  as  in  the  inBtmment 
shown  by  Fig.  25.  It  was  pointed  out  by  Clerk  Maxwell,  however,* 
that  such  a  method  of  winding  is  quite  unnecessary,  as  the  conditions 
may  be  satisfied  by  coils  of  a  rectangular  section,  which  can  be  con- 
structed with  far  greater  accuracy  than  coils  wound  on  an  obtuse 
cone. 


The  TROWBBIDGE  OB  ObACH  OALVANOHETEB.t 

49.  In  this  galvanometer,  which  is  shown  by  Fig.  27,  the  ring, 
instead  of  being  fixed  as  in  the  ordinary  tangent  instrument,  is 

movable  about  a  horizontal  axis;  by  this  means 
the  deflective  action  of  the  ring  on  the  needle 
can  be  reduced  from  the  full  effect  (when  the 
ring  is  in  the  usual  vertical  position)  down  to 
zero  (when  the  ring  is  in  a  horizontal  position), 
so  that  the  instrument  has  a  very  wide  range, 
a  range  which  in  practice  is  100  times  as  great 
as  that  of  an  ordinary  tangent  galvanometer,  thus 
enabling  either  weak  or  very  powerful  currents  to 
be  measured. 

The  effect  of  setting  the  ring  at  an  angle  to 
the  vertical  position  is  as  follows : — 

In  Fig.  26,  let  a  ^  be  the  vertical  position  of 

the  ring,  and  a^  h^,  the  latter  when  inclined  at 

an  angle  ^*'.    Draw  a^  c  at  right  angles  to  o^  d^, 

and  a^d  B,i  right  angles  to  a  b;  then  the  angle  c  a^  d  equals  the 

angle  ^°. 

Now  if  c  «i,  that  is  /j,  represents  the  magnetic  force  of  the  ring 
when  the  latter  is  traversed  by  a  current,  this  force  being  at  right 
angles  to  the  ring,  then  a^  d,  that  is  /s,  will  be  the  resolved  force  at 
right  angles  to  the  vertical  a  b.    ^Ye  have  then 

*  'Eleotrioity  and  Magnetism/  by  J.  Clerk  Maxwell,  vol.  11.  p.  318. 
t  Thifl  Instrument,  although  generally  known  as  the  ^  Obach  "  Galvanometer, 
and  indeed  invented  Independently  by  the  late  Dr.  E.  Obaoh,  was  fuUy  described 
by  Professor  John  Trowbridge  in  the  *  Amerloan  Journal  of  Scieuoe  and  Arts,'  in 
Aug^ust  1871,  and  called  by  that  gentleman  a  '*  Cosine  *'  galvanometer. 


Fig.  26. 
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/^  =  sec  ^°, 


that  is  to  say,  the  magnetic  force  of  ihe  ring  is  eqnal  to  ita  deflective 
force  on  the  needle  multiplied  by  the  secant  of  the  angle  at  which 
the  ring  is  set.     Bat  the  magnetic  force  of  the  nng  is  in  direct  pro- 


Pig.  27. 

portion  to  the  current  strength,  and  the  resolved  deflective  force  is  in 
direct  proportion  to  the  tangent  of  the  angle  of  deflection  (a°)  of  the 
needle  of  the  iustmment.  Hence  ths  strengths  of  currmts  circulating 
in  the  Ting  are  directly  proportional  to  the  tangents  of  the  angles  of 
deflection  of  the  needle  multiplied  by  the  respective  secants  of  t/ie  angles 
of  inclination  of  the  ring  ;  or  we  may  say 

C  =  tan?a°  X  .sec  i^°  x  a  consCant. 
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It  is  obvionB  that  there  are  several  ways  in  which  the  instra- 
ment  can  be  used.  In  the  first  place,  it  can  be  made  nae  of 
as  an  ordinary  tangent  galvanometer,  the  ring  being  set  at  sach 
an  angle  as  to  caose  the  deflection  obtained  to  be  brought  as 
nearly  as  possible  in  the  neighbourhood  of  45''  (the  angle  of 
maximum  sensitiveness) ;  the  current  strengths  in  this  case  would 
of  course  be  directly  proportional  to  the  tangmU  of  the  angles  of 
deflection. 

Again,  the  ring  could  be  moved  so  that  the  same  deflection  of 
the  needle  is  obtained  with  each  current  being  measured ;  in  this 
case,  the  current  strengths  will,  of  course,  be  directly  proportional 
to  the  secants  of  the  angles  at  which  the  ring  had  to  be  set  in  the 
different  cases. 

Inasmuch  as  the  adjustment  of  the  position  of  the  ring  is 
dependent  upon  the  observation  of  the  movement  of  needle,  it  is  best 
to  arrange  that  the  latter  shall  point  as  nearly  as  possible  at  the 
angle  of  maximum  sensitiveness,  i.e.  at  45^ 

The  '*  equality  '*  method  of  using  the  instrument  consists  in  turning 
the  ring  until  it  is  found  that  the  angular  deflection  of  the  needle^ 
and  the  angle  through  which  the  coil  has  been  turned,  are  the  same  ; 
in  this  case  we  get 

C  «  tan  ^"^  X  sec  ^'^  X  a  constant. 

As  only  a  single  angle  has  to  be  dealt  with  for  a  particular 
measurement,  the  products  of  tangents  and  secants  can  be  calculated 
beforehand  and  embodied  in  a  table. 

In  the  ordinary  tangent  galvanometer,  the  deflective  action  of 
the  ring  acts  in  the  same  plane  as  that  in  which  the  needle  turns ; 
but  in  the  Obach  instrument,  the  deflective  force,  being  at  an  angle 
with  this  plane,  tends  to  make  the  needle  dip  when  the  ring  is 
inclined.  In  order  to  avoid  this  tendency,  the  arrangement  shown 
by  Fig.  28  was  adopted  by  Dr.  Obach.  The  needle  n  «  is  fixed  near  to 
the  upper  end  of  a  thin  vertical  axis  a  h,  the  lower  end  of  the  latter 
being  provided  with  a  cylindrical  brass  weight  w.  This  weight  offers 
but  little  additional  momentum  to  the  whole  system  round  the 
vertical  axis,  whilst  the  movement  round  the  horizontal  axis  is 
completely  prevented.  The  aluminium  pointer ^g"  is  situated  in  the 
same  plane  as  the  scale ;  the  ends  are  flattened  and  provided  with  a 
fine  sUt,  which  serves  as  an  index  for  reading  the  deflections  ;  the 
bottom  of  the  box  in  which  the  needle  turns  being  blackened^ 
readings  can  be  taken  without  parallax,  and  therefore  very  accurately. 
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The  magnetic  needle  ns  has  a  bioonical  shape,  which  entirely  pre- 
vents the  shifting  of  the  magnetic  axis  from  its  original  position,  as 
was  sometimes  fonnd  to  be  the  case  with  the  old  broad  needles. 
Adjustments  are  provided  by  which  the  cocoon  fibre/,  serving  to 
suspend  the  needle,  can  be  raised  or  lowered,  as  well  as  accurately 
centred. 

In  order  to  damp  the  oscillations  of  the  needle,  a  shallow  cylin- 
drical box,  about  8  centimetres  in  diameter  and  1^  centimetres  deep, 
is  provided  ;  this  box  has  two  radial  partitions  which  can  be  slid  in 
and  out ;  the  axle  of  the  needle,  passing  through  the  centre  of  this 
box,  carries  a  light  and  closely  fitting  vane.    By  sliding  the  parti- 


tions more  or  less  into  the  box,  various  degrees  of  damping  can  be 
obtained ;  and  if  they  are  completely  in,  the  motion  is  practically  dead 
beat. 

The  scale  over  which  the  needle  turns  is  provided  with  degree 
and  also  with  tangent  divisions.  The  scale  fixed  to  the  ring  enables 
the  inclination  of  the  latter  to  be  read  to  i^th  of  a  degree ;  this  scale 
is  also  engraved  with  secant  divisions,  so  as  to  avoid  the  necessity  of 
reducing  the  d^rees  to  secants  by  means  of  a  table.  In  order  to 
enable  the  "  constant  '^  of  the  instrument,  i.e.  the  deflection  due  to  a 
given  current,  to  be  made  the  same  at  any  place  when  the  instrument 
is  being  used,  an  auxiliary  magnet  (shown  in  Fig.  27)  is  placed  at 
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the  side  of  the  instrument ;  this  magnet  can  be  turned  loimd  a 
horizontal  axis  passing  through  its  neutral  point  and  the  centre  of 
the  needle,  and  is  at  right  angles  to  the  diameter  on  which  the  ring 
is  turned.  The  magnet  does  not  affect  the  zero  position,  and,  more- 
over, if  placed  exactly  vertical  with  its  magnetic  axis,  it  does  not  alter 
the  original  constant,  which  then  only  depends  upon  the  horizontal 
terrestrial  component,  more  or  less  modified  by  the  surroundingB ; 
but  if  it  is  dipped,  the  horizontal  force  acting  on  the  needle  is  either 
augmented  or  diminished,  according  to  the  direction  in  which  the 
magnet  is  turned,  and  to  the  amount  of  dip  given. 

The  ring  of  the  instrument,  it  should  be  mentioned,  is  of  gun- 
metal,  and  serves  for  the  purpose  of  measuring  strong  currents, 
whilst  fine  wire  wound  in  a  groove  in  the  ring  enables  weaker 
currents  also  to  be  measured.  The  relative  values  of  the  deflectiTe 
actions  of  the  ring  and  of  the  fine  wire  upon  it,  are  so  adjusted  that 
a  current  of  1  ampere  through  the  ring  gives  exactly  the  same  deflec- 
tion as  an  electromotive  force  of.  1  volt  at  the  terminals  of  the  fine 
wire. 

Since  we  have 

G  =  tan  a""  X  sec  ^°  X  a  constant, 

we  can  easily  see  if  any  particular  instrument  is  propeiiy  made  and 
the  scales  correctly  graduated ;  for  if  we  pass  a  constant  current 
through  the  ring,  and  set  the  latter  at  different  inclinations,  then  the 
products  of  the  secants  of  the  angles  of  inclination  of  the  ring  and 
the  tangents  of  the  corresponding  angles  of  deflection  obtained, 
should  be  the  same  in  every  case. 


Method  of  Rbadino  Galvanometeb  Deflections. 

50.  The  reading  of  galvanometer  deflections  requires  considerable 
method,  in  order  that  accurate  results  may  be  obtained  in  making 
measurements. 

Let  A  and  B  (Fig.  29)  be  two  contiguous  division  marks  on  the 
galvanometer  scale.  Now,  by  observation,  we  can  always  determine 
without  difficulty  whether  the  pointer  lies  exactly  over  A  or  over  B, 
or  whether  it  lies  exactly  midway  between  the  two  ;  and  further,  if 
it  does  not  occupy  either  of  these  exact  positions,  we  can  judge 
without  difficulty  whether  it  lies  nearest  to  A  or  to  B.  This  is 
equivalent  to  saying  that  we  can  be  certain  of  the  magnitude  of  the 
deflection  within  a  quarter  of  a  degree.    Thus,  supposing  the  pointer 
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stood  between  A  and  B,  but  nearer  to  A  than  to  B,  then  we  should 
call  the  deflection  '^  A},"  and  supposing  the  deflection  was  actually 
very  nearly  equal  to  A,  then  A}  would  be  a  quarter  of  a  division,  or 
d^ree,  too  much ;  if,  on  the  other  hand,  the  deflection  was  very 
nearly  equal  to  Aj^,  then  A}  would  be  a  quarter  of  a  division,  or 
degree,  too  little.  In  one  case  the  error  would  have  a  plus,  and  in  the 
other  a  minus  value  ;  but  in  either  case  its  maximum  amount  would 
be  i  only.  We  have,  in  fact,  the  rule  that — if  A  be  the  smaller  of 
two  contiguous  deflections  A  and  B,  then  when  the  pointer  is  exactly 
over  A,  the  deflection  should  be  called  "  A  ^^ ;  if  nearer  to  A  than  to 
B,  then  it  should  be  called  '^  A}  "  ;  if  exactly  midway  between  A  and 
6,  it  should  be  called  *'  A^  '^ ;  and  lastly,  if  the  pointer  is  nearer  to 
B  than  to  A,  then  the  deflection  should  be  called  "  Af  "  ;  thus, 
for  example,  if  A  and  B  (Fig.  29)  were  the  bT  and  58'  division 


Deflection  =  A.        Deflection  =  A}.       Deflection  =  A}.       Deflection  =  Af. 

Fio.  29. 

marks  respectively  on  the  scale,  then  in  case  1  the  deflection  would 
be  taken  as  57° ;  in  case  2  the  deflection  would  be  taken  as  57^°  r 
and  again,  in  cases  8  and  4  the  deflections  would  be  taken  as  57^*" 
and  57^*  respectively.  ^By  keeping  to  these  instructions,  then,  we 
can  be  sure  of  the  mt^itude  of  a  deflection  within  ^  of  a  division  or 
degree. 

51.  If  we  are  making  a  measurement  with  a  tangent  galvanometer 
and  we  read  from  the  degreen  scale,  and  if  we  have  two  deflections 
to  deal  with,  one  of  which  is  to  be  a  proportional  part  of  the  other 
(osnally  one-half),  then,  after  the  first  deflection  has  been  observed 
it  has  to  be  reduced  to  a  tangent,*  and  then,  the  latter  being  divided, 
say,  by  two,  the  corresponding  deflection  is  ascertained  from  the 
tangent  table  ;  the  resistances,  etc.,  are  then  adjusted  till  the  required 
second  deflection  is  as  nearly  as  possible  obtained.    If  we  flnd  that 

*  Table  I. 
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the  halved  tangent  does  not  exactly  correspond  to  a  deflection  in  Uie 
table,  then  we  most  take,  say,  the  nearest  deflection  below  the  exact 
value,  and  then  take  care  to  adjust  so  that  the  deflection  of  tihe 
pointer  is  a  little  above  that  angle.    Thus,  suppose  the  first  deflection 

to  be  58%  then  the  tangent  of  58'  is  1-6008,  and  L^2?  =  -8001 ; 

now  the  nearest  number  below  this  in  the  table  is  *7954,  whidi  is 
the  tangent  of  38^'' ;  in  adjusting  the  deflection,  therefore,  we  should 
take  care  that  we  get  it  rather  more  than  38^**. 


Degree  of  Aoeuraey  attainahte  in  reading  QclvawjmBler  Defiectiom. 

52.  If  the  galyanometer  scale  be  bo  graduated  that  the  number  of  dititUm  of 
deflection  directly  represent  the  proportionate  strengths  of  the  currents  prodoeiog 

those  deflections,  then  an  error  of,  say  ^th  of  a  division  in  d  divisions  will  refoe- 

sent  a  percentage  error,  7,  in  the  strength  of  the  current  represented  by  <2,  whidi 
is  given  by  the  proportion 

7  :  ^  :  :  100  :  d, 

or 

7  =  J? per  cent.  [A] 

d 

If,  however,  the  instrument  be  a  tangent  galvanometer,  and  the  deflection  be  read 
from  the  degreee  scale,  then  an  error  of  ^  in  d^  will  not  represent  an  error  of 

"  X  100 

^ per  cent,  for  in  this  case  we  must  have  the  proportion 

7, :  tan  d  ^  -  tan  d°  :  :  100  :  tan  d°, 

or 

(tand  J^  -  tan  d)100      /tan  d'-       \  ,^^  ,  „. 

7o  =  ^^ ?,^ -^ — - —  =  ( •?  -  1)  100  per  cent.  [B] 

'•  tand°  \tand°        /        *^ 

For  example. 

If  the  deflection  d  were  46  divisions,  then  |  of  a  division  error  (^^  would  be 

an  error,  7,  of 

i  X  100        K^  * 

7  =  *       —  =  -54  per  cent. 

46 

in  the  current  strength  represented  by  the  deflection  d ;  but  if  the  deflection  were 
46^,  then  i°  error  would  be  an  error,  7^,  of 

in  the  current  strength. 

53.  In  cases  where  we  have  two  deflections  to  deal  with,  one  of  which,  or  the 

tangent  of  one  of  which,  has  to  be  -th  (usually  J)  of  the  otiier,  then,  after  we  have 
ascertained,  as  accurately  as  we  can  judge,  the  magnitude  of  the  first  deflection 
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'/.  the  latter  (or  tlie  tangent  of  the  latter)  is  divided  by  n,  and  then  the  resist- 

ances.  etc.,  in  the  eironit  of  the  s^lvanometer  are  adjusted  until  the  deflection 

n 

(or  the  deflection  corresponding  to  \  is  obtained  as  accurately  as  possible. 

Now,  in  adjusting  to  this  latter  deflection,  we  are  liable  to  make  a  pins  or  minus 
error  of  ~th  of  a  division  or  degree  as  in  the  first  case,  and  as     (or  tan     )  may 

itself  contain  an  error  due  to  d  being  j^-th  of  a  division  or  degree  wrong  in  the 
first  instance,  the  new  deflection  may  be  more  than  -th  of  a  division  or  degree 
out  What  then  is  the  **  total  possible  percentage  of  error  which  may  exist  in 
the  second  deflection  "  ? 

Now  the  dbioiaJte  error  which  may  be  made  in  the  two  deflections  must  be  the 
same  in  both  cases,  viz.  ~,  but  the  ;>«roento^  value  of  the  latter  will  be  directly 
proportional  to  the  value  of  the  deflections ;  thus  a  \  division  error  in  50  divi- 
sions is  a  j^  per  cent,  error,  but  a  \  per  cent,  error  in  25  divisions  is  a  1  per  cent, 
error;  in  fact,  if  7  be  the  'percentage  error  /corresponding  to  the  absolute  error  -i  \ 

in  d  divisions,  then  n  7  will  be  the  percentage  error  (corresponding  to  the  abso- 

lute  error  -\  in  —  divisions.     Now,  if  d  contains  a  percentage  error  7,  then  ~. 

must  also  contain  a  percentage  error  7 ;  consequently,  if  we  mnko  h  percentage 

error  of  n  7  in    -  when  d  already  contains  a  percentage  error  7,  then      must 

n  n 

contain  a  total  percentage  error,  r,  of 

r  =  7  +  »7  =  7(l+  n)';* 
or  since 

„_Lxioo 

7-  -,-  , 


we  get 


r  =  ii^J^  (1  +  »).  tC] 

a 


(1)  Foreacample, 

If  d  and  ^  were  58  divisions  ,and  J ,  division,  respectively,  and  further,  if  the 
deflection  d  had  to  be  halved,  that  is,  if  n  =  2,  then  we  should  get 

r  =  *  4J^  X  3  =  1  -3  per  cent. 
58 

*  Strictly  speaking,  this  is  not  absolutely  correct,  for  it  assumes  that  the 

second  percentage  should  be  calculated  on  - ,  whereas  it  ought  to  be  calculated  on 

n 

— — ;  but  as  -  is  small  compared  with  d,  the  consequent  error  is  small  also. 
ft 

£ 


J) 


o 


Fig.  80. 
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In  Fig.  30,  let  L  be  a  lamp  which  throws  a  beam  upon  the  mirror 
m,  which  has  turned  through  a  small  angle,  and  reflected  the  beam 
on  to  the  scale  at  D.     Let  d  be  the  distance  through  which  the  beam 

has  moved  on  the  scale  from  tlie 
^  zero  point  at  L,  and  let  I  be  the 

distance  between  the  scale  and  the 
mirror.  Now  the  angle  through 
which  the  beam  of  light  turns  will 
'_>.^  be  twice  the  angle  through  which 
^  the  mirror  turns ;  this  is  clear  if  we 
suppose  the  mirror  to  have  tamed 
through45*',  when  the  reflected  beam 
will  be  at  90%  or  at  right  angles 
to  the  incident  beam.  If,  then, 
we  call  a  the  angle  through  which 

the  beam  of  light  turns,  ~  will  be  the  angle  through  which  the 

*< 

mirror  will  have  turned. 

Let  C  be  the  strength  of  current  producing  the  deflection,  then 

o 

C  =  tan  ^  If, 

where  k  is  a  constant  whose  value  depends  on  the  make  of  the 
galvanometer ;  therefore 

f,       V 1  +~  tan-  a''  -  1 
tan  a 

Vl  +  taii*'^  being  positive,  as  the  angles  are  less  than  90\ 

I  being  the  distance  of  the  scale  from  the  mirror,  let  d  be  the 
distance  traversed  on  the  scale  by  the  beam-  of  light,  then 


,  c         (I 

tan  a    =  . 


therefore 


\/l  +  -•■  -  1 


^=  d 

I 
or 


C  =  -UVr^  +  d^      I)  K.  [A] 

a 
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If  we  expand  Vz^  +  rf^  by  the  binomial  theorem,  we  get 

If  /  is  large  compared  with  dy  all  the  terms  beyond  r-«  may  be 
neglected  without  introducing  any  sensible  error  ;  hence  we  see  that 
C  is  proportional  to  d  corrected  by  subtracting  the  quantity  -  „ 
from  it. 

For  exampU. 

A  deflection  of  300  divisions  is  obtained  on  the  scale  of  a  reflecting 
galvanometer,  the  distance  of  whose  mirror  from  the  centre  of  the 
scale  is  1500  (/).     What  is  the  corrected  deflection  ? 

Corrected  deflection  =  300  -    -    — ^  -  , 

4  X  1500- 

=  300  -  3  =  297  divisions. 

It  should  be  stated  that  formula  [B]  ceases  to  be  approximately 
accurate  if  the  deflections  are  more  than  about  ^th  of  /.  If  this  pro- 
portion is  exceeded  it  is  best  to  employ  the  accurate  formula  [A], 
which,  to  be  in  a  similar  form  to  [B],  should  be  written 

that  is  to  say,    ,  ( V  /-  +  d^  -  /)  is  the  corrected  deflection. 

If  the  deflections  to  be  compared  are  either  both  small,  or  if 
they  are  large  and  do  not  diflFer  greatly,  then  we  may  take  the 
deflections  themselves  as  representative  of  the  currents  producing 
them,  no  corrections  being  necessary  ;  this  is  what  is  usually  done. 

DpHcrvption, 

58.  The  galvanometer,  as  usually  constmcted,  consists  essentially 
of  a  very  small  magnetic  needle,  about  three-eighths  of  an  inch  long, 
fixed  to  the  back  of  a  small  circular  mirror,  whose  diameter  is  about 
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Front  Elevfttion,    1  real  ei 
Fig.  31. 
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equal  to  the  length  of  tbe  magnet.  This  mirror,  which  is  flat  and  is 
formed  of  microBcopic  glasB,  is  Bnspeaded  from  ita  circumference  by  a 
cocooD  fibre  devoid  of  toTBJon,  the  m^oetic  aeedle  being  at  right 
angles  to  the  fibre.  The  mirror  is  placed  in  the  aiis  of  a  large  coil  of 
wire,  which  completely  surrounds  it,  so  that  the  needle  is  always  under 
the  influence  of  the  coil  at  whatever  angle  it  is  deflected.  A  beam 
of  Ught  from  a  lamp  placed  behind  a  screen,  about  three  feet  distant 
from  the  coil,  paseee  through  a  lens,  falls  on  the  mirror,  and  is  re- 
flected back  on  to  a  graduated  scale  placed  just  above  the  point  whero 
the  beam  emei^es  from  the  lamp.  The  scale  is,  as  before  stated 
straight,  and  is  usually  graduated  to  360  divisions  on  either  side  of 
the  zero  point. 


Fie.  32. — Side  BlevAtioD.    (Skn'lt  removeil.)    i  real 


It  is  not  absolutely  necessary  that  the  working  zero  be  the  middle 
or  Eero  point  of  the  scale  :  it  is  a  very  common  practice  to  adjust  the 
instrament  so  that  the  reflected  beam  of  light  nonnally  falls  near  the 
end  of  the  scale  ;  by  tliis  adjustment  an  extreme  range  of  360  x  2, 
or  720  divisions,  can  be  obtained. 

59.  The  Kelvin  galvanometer  is  made  in  a  variety  of  forms ; 
Fig.  31  gives  a  front,  and  Fig.  32  a  side  elevation  (with  glass  shade, 
etc.,  removed)  of  an  old  but  very  serviceable  pattern. 

It  consists  of  a  base  formed  of  a  round  plate  of  ebonite,  provided 
with  three  levelling  screws ;  two  spirit  levels  at  right  angles  to  one 
another,  are  fixed  on  the  top  of  this  plate,  bo  that  the  whole  instru- 
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ment  can  be  accurately  levelled  :  Bometimes  ODe  circular  level  oulr  ie 
provided,  but  the  double  level  is  much  tlie  better  arrangement. 

From  the  base  rise  two  bra§B  colamue,  between  which  a  bnw 
plat«  is  fixed,  rounded  off  at  the  bop  and  bottom.  Against  the  fixes 
of  this  plate  are  fixed  the  coils  (c,  r,  c,  c,)  of  the  instmrnent.  The 
biass  plate  has  shallow  countersinks  on  its  surface  for  the  faces  of  tlie 
coils  to  fit  into,  so  that  they  can  be  fitted  in  their  correct  places  with- 
out trouble  or  danger  of  shifting.  Round  brass  plat^  press  against 
the  outer  surfaces  of  the  coils  by  means  of  screws,  and  keep  them 


flnnly  in  their  places.    There  are  two  round  holes  in  the  brass  plates 
coinciding  with  the  centre  holes  in  the  coils. 

The  coils  themselves,  which  are  four  in  number,  are  woiuid  on 
bobbins  of  thin  insulating  material,  the  wire  being  heaped  u(>  towards 
the  cheek  of  the  bobbin  which  bears  against  the  brass  plate.  This 
heaping  up  is  done  in  accordance  with  a  formula  due  to  Lord  Kehin, 
so  as  to  obtain,  as  far  as  possible,  a  maximum  effect  out  of  a  mini- 
mum quantity  of  wire  ;  it  is  questionable,  however,  if  the  advantage 
of  this  heaping  up  is  an  appreciable  one.    The  edges  of  the  coils 
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are  covered  with  a  protecting  coating,  so  as' to  ^ard  the  wire  from 
injury. 

Mthin  the  holes  in  the  brass  plate  are  placed  two  small  magneta 
n »  and  s  »,•  formed  of  watch-spring  highly  magnetised :  they  are  con- 
nected together  by  a  piece  of  aluminium  wire,  boss  to  form  anastatic 
pair  of  needles.  A  small  groove  Is  cnt  in  the  brass  plate,  between  the 
upper  and  the  lower  hole,  to  enable  the  aluminium  wire  to  hang  freely. 

An  aluminium  fan  is  fised  at  right  angles  to  the  lower  needle ; 
this  fan  act«  ae  a  damper,  and  tends  to  check  the  oscillations  of  the 
needles  and  to  bring  them  to  rest  quickly. 

In  front  of  the  top  needle  is  fixed  the  mirror.  It  is  suspended  by 
a  fibre  attached  at  its  tipper  end  to  a  small  stud  which  can  be  raised 
or  lowered  when  required  ;  when  this  stud  is  pressed  down  as  far  as  it 
will  go  the  needles  rest  on  the  coils,  and  the  tension  being  taken  off 
the  fibre,  there  is  no  danger  of  breaking  the  latter  when  moving  the 
instrument. 

One  end  of  each  coil  is  connected  to  one  of  the  four  terminals  in 
front  of  the  base  of  the  instrument,  the  other  ends  I>eing  connected 
to  one  another  through  the  medium  of  the  small  terminals  placed 
midway  on  either  side  of  the  coils. 

The  connections  are  so  made,  that  when 
the  two  middle  terminals  on  the  base  of 
the  instrument  are  joined  tt^ether  all  the 
four  coils  are  in  the  circuit  of  the  two 
outer  terminals,  so  that  they  all  act  on 
the  magnetic  needles. 

Referring  again  to  Fig.  31  ;  over  the 
coils  a  glass  shade  is  placed,  from  the 
middle  of  the  top  of  wliich  a  brass  rod 
rises.  A  short  piece  of  brass  tube  slides 
over  this  rod,  with  a  weak  steel  magnet, 
slightly  curved,  fixed  at  right  anglts  to 
it.  This  magnet  can  be  slid  up  or  down 
the  rod,  or  twisted  round,  as  occasion  may 
reqnire.  For  fine  adjustments  a  tangent 
screw  is  provided,  which  turns  the  brass 
rod  ronnd,  and  with  it  the  magnet. 

Figs.  33  and  34  show  modified  forms  of  the  instrument,  which, 
however,  in  general  arrangement  are  similar  to  the  pattern  which  has 
been  described. 


Fio.  :W. 


■  In  the  more  recent  iDBtrumenU  it  ii 
phced  one  above  the  other  at  short  diat 
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60.  In  the  more  recent  galvaDometers,  manufactured  by  Mesn- 
EUiott  Brothers,  the  brass  platcB,  which  in  the  older  instnmente 
Recured  the  coils  in  their  places,  are  hinged  to  the  frame,  whilst  the 
coils  themselves  u%  permauently  fixed  to  the  plates  ;  by  this  arrauge- 
ment  the  m^netic  needles,  with  their  mirror,  Sbre-snspenBioD,  aod 


attachments,  can  be  got  at.  If  required,  with  the  greatest  facility. 
Altogether  this  improvement  is  one  of  tlie  most  convenient  that  has 
been  made. 

-61.  Fig.  iSS  shows  a  very  serviceable  and  cheap  form  of  mirror 
galvanometer,  manufactured  by  Messra.  \aldcr.  This  instrument, 
without  beingelaborate,  has  a  high  "  figureof  raerifc."  It  in  provided 
with  a  "scissors"  control  m^net,  an  arrangement  which  enables 
the  "  time  of  moving "  of  the  needles  to  be  adjusted  with  very 
great  facility,  and  far  more  easily  than  with  a  single  magnet. 
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62.  About  SOOO  or  6000  ohms  is  uaually  tlie  total  reBistance  of 
the  coils  of  these  galvanometers,  but  in  some  cases  as  mach  as. 
850,000  obms  of  very  fine  copper  wire  has  been  employed-  An 
instrument  of  the  latter  resistance  made  for  measuring  insnlation 
resistances  (see   Chapter  XV.),  and  constmcted  by  Messrs.  Nalder 


Bros.,  is  shown  by  Fig.  30.  The  arrangement  is  such  that  the  very 
highest  possible  insnlation  of  the  whole  instrument  is  obtained,  the 
coils  and  terminals  of  the  same  being  bnng  from  corrugated  ebonite 
colnmns,  which  are  in  turn  supported  by  other  columns.  A  similar 
form  of  instrument  constructed  by  Messrs.  Elliott  is  shown  by  Fig.  37. 
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63.  In  factories  where  heavy  machineiy  is  continually  at  irork 
it  is  often  difficult  to  set  np  a  mirror  galvanometer  so  that  it  is 
unaffected  by  the  vibration  vbich  takes  place.  The  best  method 
of  neutralising  the  effects  of  such  vibration  is  to  sitng  the  instru- 


ment by  rubber  piping.  A  stand  devised  for  this  purpose  is  shown 
in  Fig.  .18 ;  the  galvanometer  is  placed  on  a  platform  which 
hangs  from  three  rubber  slings,  adjustable  by  means  of  tlinnib- 
screwB  set  on  the  upper  part  of  the  stand.     This  latter  arrangement 
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is,  however,  a  mistake,  as  the  ceDtre  of  gravity  being  above  the  point 
of  suspeDsion,  the  galvanometer  is  in  unstable  equilibrium.  A  pre- 
ferable plan  is  to  Bospend  the  instrument  from  the  top  plate  of  the 
case  ;  this  Answers  very  satisfactorily. 

In  one  pattern  of  the  Silvertown  galvanometers  the  instrument  is 
stung  at  the  top  from  a  nniversal  joint,  so  that  do  levelling  is  re- 
quired, however  unequally  the  suspension  bands  may  stretch  ;  this  is 
an  excellent  arrangement. 

I>4.  Fig.  8!)  shows  a  portable  mirror  galvanometer,  which,  although 
an  old  pattern,  is  a  very  nseful  form,  especially  for  traieiling  pur- 
poses ;  the  three  legs  are  hinged  at  their  junction  with  the  lower 
part  of  the  coil  frame  so  that  they  can  be  folded  tt^ether,  and  thus 
made  to  occupy  bat  little  space.  Owing  to  the  iuslrument  being 
t^ovided  with  but  two  coils  (one  in  front  of,  and  the  other  behind  the 
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needle)  its  sensitiveness  is  not  quite  so  great  as  that  of  tlie  lai^r 
instrument*  with  four  coils,  but  for  general  purposes  it  is  an  excellent 
piece  of  apparatus. 

65.  The  width  of  the  spot  of  light  on  the  screen  can  be  regulated 
by  means  of  a  brass  slider  fixed  over  the  hole  in  the  screen,  through 
which  the  beam  emerges  from  the  lamp. 

A  much  better  arrangement  than  the  spot  of  light  is  now 
prorided  with  most  instruments.  The  hole  through  which  the 
l^ht  emerges  is  round,  about  the  size  of  a  sixpence,  with  a  fine 
wire  stretched  vertically  across  its  diameter.  A  lens  is  placed  a 
Bhort  distance  from  the  front  of  this  hole,  lietween  the  scale  and 
galvanometer,  so  that  a  round  spot  of  light,  with  a  thin  black 
line  across  it,  is  reflected  on  the  scale.  This  enables  readings 
to  be  made   with   great  ease,  as  the  figui-es  on   the  scale  can  he 
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Terr  distiDctly  seeD.  When  the  spot  of  tight  onlj  ib  osed,  it  is 
necessary  to  partiaUv  itliiminat«  the  scale  with  a  second  lamp.  The 
general  appearance  of  the  scale  frame  with  the  lamp  placed  in  pmition 
is  shown  bj  Figs.  40  and  41. 


An  inclosed  incandescent  electric  lamp  is  sometimes  used,  with 
great  advantiige,  in  the  place  of  tlie  paraffin  lamp.  This  arran^ 
nient  Is  shown  by  Fig.  42. 

Jiiri'li'ii  Traiisjvirfiit  SrnU. 

fi6.  The  position  for  the  ordinary  fonn  of  scale  for  the  Kelvin 
galvanometer  is  to  a  certain  extent  inconvenient,  especially  to  near- 


t 


sighted  persons,  Mr.  F.  Jacob  (^electrician  to  Messrs.  Siemens  Bros.) 
completely  remedied  this  inconvenience  by  the  arrangement  shown 
in  front  view  and  cross  section  by  Fig.  4:(.  In  this  figure  B  is  a 
wooden  scale  board  with  a  longitudinal  slot,  as  shown  at  C  ;  V  is,  the 
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paper  scale,  cut  so  that  all  the  division  lines  reach  the  lower  edge  ;  A 
is  a  slip  of  plane  glass  with  its  lower  half  finely  ground  from  one  end 
of  the  slip  to  the  other,  on  the  side  towards  C  :  the  scale  is  so  placed 
that  the  lower  end  of  division  lines  just  touches  the  ground  part  of 
the  glass  slip.  The  image  of  the  slit  with  a  fine  wire  stretched 
across  it  is  focused  in  the  ordinary  manner  on  the  ground  part  of 
the  glass,  and  will  of  course  be  clearly  seen  by  the  observer  on  the 
opposite  side  of  the  scale  ;  as  the  line  and  printed  divisions  are  in  the 
same  plane,  there  is  no  parallax,  consequently  a  great  increase  in 
accuracy  of  reading  the  position  of  the  fine  line  is  obtained,  owing  to 
the  greater  ease  of  observing  the  coincidence  of  two  lines  when  they  are 
end  on  to  one  another,  than  when  they  are  superimposed  ;  there  is  a 


Fig.  44. 

further  advantage  from  the  fact  that  the  room  need  not  be  darkened. 
The  lamp  and  its  slit  is  placed  on  one  side,  and  reflects  the  beam  of 
light  on  to  the  galvanometer  by  a  mirror  or  total  reflection  prism, 
and  by  means  of  two  long  plane  mirrors  the  actual  distance  between 
the  galvanometer  and  scale  is  reduced,  so  as  to  have  everything  close 
to  the  observer's  hand.  The  scale  adopted  is  divided  into  half  milli- 
metres, and  it  is  perfectly  easy  to  read  to  a  quarter  of  a  division,  and 
with  a  hand  magnifying-glass  to  a  still  further  degree  of  accuracy. 
The  arrangement  has  been  very  widely  adopted. 

Fig.  44  shows  a  form  of  the  transparent  scale  which  is  very 
convenient  for  general  use.  The  arrangement  is  provided  with  a 
mirror  m  which  receives  the   beam  of  light  from  the   lamp,  and 
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reflects  it  on  to  the  mirror  of  the  galvanometer  ;  this  enables  the 
lamp  to  be  set  at  a  convenient  position,  and  leaves  the  scale  qnite 
anincumbered.  The  lamp  used  with  this  scale  is  shown  by  Fig.  46. 
It  has  the  advantage  of  being  readilv  adjustable,  and,  being  provided 
with  a  metal  chimney,  the  annoying  breakage  of  glasses  which  so  often 
occurs  in  the  ordinary  lamp  is  avoided.  Care  must  he  taken  not  to 
touch  the  chimney  with  the  fingers  when  the  lamp  is  lighted,  as  a  severe 
bum  may  result ;  the  absence  of  a  visible  flame  makes  the  liability 
to  such  an  accident  much  greater  than  might  be  imagined. 


Fig.  45. 
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67.  A  very  excellent  modification  of  the  scale  shown  by  Fig.  44 
is  that  shown  by  Fig.  45.  In  this  arrangement  (manufactured  by 
R.  W.  Paul)  the  lamp  and  lens  tubes  are  carried  by  a  universal  bail 
socket  fitted  under  the  scale.  The  scale  is  adjustable  horizontally 
alone,  and  the  whole  arrangement  of  scale,  lamp,  and  lens  is  adjus- 
table vertically  and  round  the  vertical  axis,  in  addition  to  the 
universal  adjustment  of  lens  and  lamp  mentioned  above.  A  bright 
sharp  light  spot  is  obtained  with  a  4-volt  fairy  lamp.  A  similar 
instrument  is  supplied  with  the  lamp  separately  mounted. 

68.  In  the  testing  rooms  at  the  Silvertowii  Telegraph  Works,  the 
scales  employed  are  of  large  dimensions,  being  about  5  feet  long,  and 
are  set  at  a  distance  of  several  feet  from  the  galvanometer.     By  this 
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arrangement  a  greatly  magnified  image  of  the  round  spot  of  light 
with  the  black  line  across  it  is  obtained,  and  the  divisions  on  the  scale 
being  of  correspondingly  large  dimensions,  the  readings  can  be  made 
with  great  facility,  and  with  very  little  fatigue  to  the  eye.  The  only 
objection  to  the  arrangement  is  the  space  which  it  necessarily  occupies, 
but  as  it  is  not  often  that  many  instruments  require  to  be  set  up  in 
the  same  room,  this  need  hardly  be  taken  into  account. 

To  set  up  the  Oalvanometer. 

69.  It  is  essential,  before  proceeding  to  set  up  the  instrument  for 
use,  to  see  that  the  ebonite  base  is  thoroughly  dry  and  clean,  so  that 
there  may  be  no  leakage  from  the  wires  to  interfere  with  the  tests 
taken.  Indeed,  it  is  as  well  to  place  the  galvanometer  and  the  other 
apparatus  to  be  used  on  a  large  sheet  of  gutta-percha  or  ebonite,  more 
especially  if  the  room  in  which  the  tests  are  to  be  made  is  at  all  damp. 
Sometimes  small  ebonite  cups  are  provided  for  the  levelling  screws  of 
the  instrument  to  stand  in,  which  answer  the  purpose  of  insulating 
very  thoroughly. 

The  instrument  should  be  set  up  on  a  very  firm  table  in  a  basement 
story.  It  is  almost  useless  to  test  with  it  in  an  upper  room,  as  the 
least  vibration  sends  the  spot  of  light  dancing  and  vibrating  to  and 
fro.  At  all  cable  works  the  instrument  is  placed  on  a  solid  brick 
table  built  on  the  earth,  so  that  no  vibration  can  possibly  affect  it. 

A  suitable  table  being  chosen,  set  the  galvanometer  in  any  con- 
venient position,  and  adjust  the  levelling  screws  until  the  bubbles  of 
the  level  or  levels  show  the  instrument  to  be  perfectly  level. 

Now  remove  the  glass  shade,  and  gently  raise  the  stud  at  the  top 
of  the  coils  by  squeezing  the  tips  of  the  fingers  between  the  head  of 
the  stud  and  the  top  of  the  brass  plate  in  which  it  runs.  If  the  stud 
is  raised  by  a  direct  pull,  there  is  almost  a  certainty  of  its  coming  up 
with  a  jerk  and  breaking  the  fibre.  On  no  account  must  the  stud  be 
twisted  round,  except  to  get  rid  of  any  torsion  which  may  exist  in  the 
fibre  when  it  has  been  replaced  after  becoming  broken. 

The  stud  being  raised  suiBciently  high  to  allow  the  mirror  to 
swing  clear  of  the  coils,  replace  the  glass  shade,  screw  the  brass  rod 
with  the  magnet,  on  to  its  top,  and  set  the  magnet  about  half-way  up 
the  rod,  the  poles  being  placed  so  as  to  assist  in  keeping  the  magnetic 
needles  north  and  south. 

The  scale  lamp  being  lighted,  place  it  in  position  on  the  scale 
stand,  the  edge  of  the  wick  being  turned  towards  the  brass  slider 
which  regulates  the  width  of  the  beam  of  light.     Having  opened  the 
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slider  to  its  fnll  extent,  the  scale  and  lamp  should  be  placed  about  B 
feet  from  the  galvanometer,  so  that  it  stands  parallel  with  the  faces 
of  the  coils,  and  so  that  a  line  drawn  at  right  angles  to  the  scale  from 
tlie  lamp-hole  will  pass  through  the  centre  of  the  galvanometer.  The 
reflected  beam  of  Ught  should  then  fall  fairly  on  the  scale.  If  too 
high,  this  may  be  remedied  by  propping  up  the  scale,  and  if  too  low, 
by  screwing  up  the  levelling  screws  of  the  galvanometer.  Should  the 
light  be  too  high  on  the  scale,  it  will  be  found  an  easier  matter  to  prop 
up  the  scale  than  to  lower  the  galvanometer  by  means  of  the  levelling 
screws. 

The  spot  of  light  should  now  be  set  at  the  zero  point  on  the  scale 
by  turning  the  regulating  magnet  by  means  of  the  screw ;  the  spot 
should  next  be  focused,  by  advancing  or  retreating  the  lamp  and  aoftle 
and  by  adjusting  the  lens-tube,  until  a  sharply  defined  image  is 
obtained  on  the  scale.  The  width  of  the  slit  may  then  be  diminished 
by  means  of  the  brass  slide,  until  a  thin  line  of  light  only  is  obtained 
on  the  scale.  If  the  round  spot  of  light  with  the  line  across  it  is  used, 
the  focusing  must  be  made  so  that  the  black  line  is  sharply  defined. 

The  position  of  the  scale  and  galvanometer  being  once  obtained, 
their  positions  on  the  table  may  be  marked  for  future  occasions,  or,  at 
least  the  exact  distance  of  the  scale  from  the  galvanometer  noted,  so 
that  it  can  be  correctly  placed  without  trouble. 

The  instrument  being  now  ready  for  use,  if  it  is  not  required  to 
be  sensitive,  place  the  regulating  magnet  low  down  ;  if,  on  the  con- 
trary, it  is  required  to  be  sensitive,  place  it  high  up. 

70.  To  obtain  the  maximum  sensitheness  : — Raise  the  magnet  to 
the  top  of  the  bar,  and  then  turn  it  half  round,  so  that  its  poles  cliange 
places.  The  magnet  will  now  be  opposing  the  earth's  magnetism,  and 
consequently  will  tend  to  turn  the  magnetic  needles  round.  If  the 
magnet  is  at  the  top  of  the  rod,  the  effect  of  the  magnetism  of  the 
earth  on  the  magnetic  needles  will  be  more  powerful  than  the 
magnetism  of  the  regulating  magnet,  and  the  needles  will  tend  to  keep 
north  and  south  ;  but  by  placing  the  regulating  magnet  lower  down, 
a  point  is  reached  where  the  earth's  magnetism  is  just  counteracted. 
Under  these  conditions  the  needles  will  stand  indifferently  in  any 
position.  By  placing  the  regulating  magnet  about  an  inch  higher 
than  the  position  which  gives  this  exact  counteraction,  the  magnetism 
of  the  earth  will  be  just  sufficient  to  keep  the  magnets  north  and 
south,  and  consequently  the  spot  of  light  at  the  zero  on  the  scale,  and 
at  the  same  time  leave  the  magnets  free  to  be  moved  by  a  very  slight 
force.  It  will  be  noticed  with  the  regulating  magnet  in  this  position, 
that  in  order  to  get  the  spot  of  light  at  the  zero  point,  the  magnet 
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most  be  tnmed  in  the  opposite  direction  to  that  in  which  it  is  required 
th&t  the  needles  shonld  move. 

It  is  not  advisable  to  adjust  the  instrument  too  sensitively,  because 
it  is  difficult  then  to  keep  the  spot  exactly  at  zero,  as  any  slight 
external  action  may  throw  it  a  degree  or  two  out. 

71.  The  presence  of  iron  near  the  instrument  is  not  prejudicial  to 
iU  correct  working,  so  long  as  the  metal  remains  stationary.  The 
experimenter  should,  however,  remove  any  keys  or  knives  he  may  have 
about  him,  ae  they  very  much  affect  the  galvanometer,  if  he  moves 
about  much.     These  precautions  may  seem  too  minute,  but  as  the  very 
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object  of  the  Kelvin  galvanometer  is  to  enable  measurements  to  be 
made  with  accuracy,  all  likely  causes  of  disturbance  should  be  avoided. 

72.  A  resistance  boi,  containing  three  shunts  (page  101),  is  usually 
provided  with  the  galvanometer,  of  the  values  ^th,  ^th,  and  ^^^th  of 
the  resistance  of  it«  coils,  which  values,  as  will  be  shown  in  the  next 
chapter,  enable  the  sensitiveness  of  the  instrument  to  be  reduced  to 
its  i^jth,  yjTrth,  and  ■nAm'-h  part  respectively. 

Fig.  47  shows  a  form  of  this  shunt.  By  placing  a  plug  into  one 
or  other  of  the  holes,  the  required  shunt  is  insetted. 

The  numbers  are  sometimes  marked   as  -iVtli-  y^th,  loVuth, 

F  2 
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instead  of  ith,  ^th,  ^f*,  thereby  indicating  that  the  particular 
shunt  reduces  the  deflections  of  the  needle  to  that  particular  fraction, 
but  they  have  really  just  the  same  adjustment  in  both  cases. 

The  shunts  are  sometimes  inclosed  in  a  round  brass  box,  as  shown 
by  Fig.  48,  which  is  perhaps  a  more  portable  and  elegant  form  than 

that  shown  by  Fig.  47. 

For  the  galvanometer,  shown  by  Fig.  36,  page  58,  a  special  form 
of  shunt  box  highly  insulated  has  been  designed.  This  ifl  shown  by 
Fig.  49. 

The  two  broad  strips  of  copper  shown  in  Fig.  47  are  used  for  the 
purpose  of  connecting  the  box  with  the  galvanometer.  The  blank 
plug-hole  is  for  the  purpose  of  short-circuiting,  which  should  always 
be  done  when  the  instrument  is  not  actually  in  use. 

Method  of  Fixing  a  Su^petision  Fibre. 

73.  The  operation  of  replacing  a  broken  suspension  fibre  is  by  no 
means  an  easy  one,  and  unless  attempted  in  a  systematic  way  it  is  an 
operation  which  is  exceedingly  trying  to  the  most  even  temperament ; 
indeed  it  is  not  at  all  unusual  for  the  attempt  to  be  given  up  and  Uie 
instrument  maker  to  be  resorted  to  in  order  to  get  the  new  fibre 
inserted.  The  following  method,  however,  though  perhaps  it  may 
not  be  one  which  is  generally  adopted  (each  maker  having  his  own 
preference),  answers  very  satisfactorily. 

Take  a  reel  of  copper  wire  (Fig.  50),  the  diameter  of  the  latter 
being  about  10  mils  (-01  inch),  and,  if  covered,  remove  the  silk 
covering  for  an  inch  or  more,  then  varnish  the  wire  to  about  i  inch 


Fig.  50. 


,*>m'^  ^^ 


y^lr^  SiUc  mre 

Fig.  61. 

of  the  extremity  with  a  little  thick  shellac  varnish.  Whilst  the  wire 
is  still  wet,  wind  the  fine  silk  fibre  with  tweezers  once  or  twice  round 
the  wet  end,  and  then  evaporate  with  a  heated  iron,  the  shellac  thus 
securing  the  silk  firmly.  With  nippers,  cut  off  about  J  inch  of  the 
wire  ;  also  treat  the  other  end  of  the  silk  in  a  similar  manner  (Fig.  51). 
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Use  now  each  of  these  wires  as  a  sewing-needle  woald  be  used. 
Pass  one  of  them  through  the  eyelet  of  the  astatic  system  and  make 
a  neat  knot.  In  performing  the  operation  have  in  each  hand  a  pair 
of  tweezers  for  the  manipulation  ;  never  use  the  fingers.  Next  in  a 
similar  manner  fasten  the  other  end  of  the  fibre  to  the  suspension  pin 
(a  horizontal  suspension  screw  if  the  latter  is  used).  Shellac  or 
shellnc'vamish  should  never  he  used  to  fix  the  knots.  The  background 
against  which  the  operation  is  carried  out  should  be  black  ;  a  slab  of 
ebonite  answers  well.  It  is  important  to  remove  any  burr  on  the  sus- 
pended eyelets  or  holes,  to  prevent  cutting  the  fibre.  With  a  steady 
hand  and  a  little  practice  any  one  should  be  able  to  'suspend  with  a 
single  fibre. 


The  Kelvin  Dead-beat  Galvanometer. 

74.  The  needle  of  an  ordinary  form  of  galvanometer  when  under 
the  infiuence  of  a  constant  current,  does  not  settle  down  at  once  to 
the  angle  of  deflection  which  it  eventually  takes  up,  but  oscillates  to 
and  fro  several  times  before  it  finally  comes  to  rest,  and  again  it  acts 
in  the  same  way  when  the  current  is  taken  ofiF  and  the  needle  re- 
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tarns  towards  the  zero  point.  The  oscillations  often  cause  consider- 
able inconvenience  and  loss  of  time  in  testing,  and  the  object  of  the 
dead-beat  galvanometer  is  to  get  rid  of  these  inconvenient  movements. 

Fig.  52  shows  the  arrangement  devised  by  Lord  Kelvin  for 
obtaining  a  dead-beat  movement. 

A  is  a  brass  tube,  whose  end  a  a,  which  is  screwed,  is  closed 
by  a  piece  of  glass.  B  is  a  short  piece  of  tube,  which  is  screwed, 
and  whose  end  bb  k  similarly  closed  by  a  piece  of  glass.  C  is  a 
third  short  piece  of  tube,  into  which  the  ends  of  A  and  B  screw. 
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The  length  of  this  tabe  is  such  that  when  the  whole  arrangement 
is  united  together  there  is  a  very  small  space  between  the  ends  a  a 
and  ^  ^  ;  a  small  air-tight  cell,  in  fact,  is  formed. 

Hanging  midway  inside  C  is  a  mirror  m,  with  a  magnetic  needle 
fixed  to  it,  as  in  the  ordinary  Kelvin  galvanometer.  This  mirror  very 
nearly  fits  inside  the  tube,  there  being  only  just  room  for  it  to  swing 
freely  ;  it  is  suspended  by  a  very  short  fibre. 

The  space  between  a  a  and  bb,  although  very  small,  is  jast 
sufficient  to  enable  the  mirror  to  turn  through  an  angle  large  enough 
to  give  a  good  deflection  of  the  spot  of  light  on  the  scale. 

The  complete  arrangement  is  inserted  in  the  centre  of  a  single 
galvanometer  coil,  so  that  the  mirror  occupies  the  same  position 
that  it  does  in  the  ordinary  galvanometer. 

Owing  to  the  air  inside  the  cell  being  so  closely  confined,  the 
violent  movement  of  the  mirror  is  checked  when  it  is  acted  upon 
by  a  current  passing  through  the  coils,  and  the  consequence  is  that 
the  mirror,  instead  of  overshooting  the  mark  and  then  recoiling, 
turns  with  a  gradually  decreasing  velocity  towards  its  final  deflec- 
tion, and  ceases  to  move  when  the  latter  is  reached.  The  same 
thing  takes  place  when  the  current  is  cut  off;  in  this  caae  the 
spot  of  light  moves  buck  to  zero  and  ceases  to  move  at  that  point. 

The  suspension  fibre  being  very  short,  the  mirror  cannot  turn 
so  freely  as  the  one  in  the  ordinary  galvanometer ;  its  sensitiveness 
is  therefore  not  quite  so  great,  but  it  is  sufficiently  so  for  most  pur- 
poses for  which  the  latter  would  be  used. 

The  fibre  is  very  easily  replaced  when  broken.  One  end  being 
attached  to  the  mirror,  the  other  is  passed  through  a  small  hole  iu 
the  side  of  C,  and  is  then  drawn  sufficiently  tight  to  suspend  the 
mirror  inside  the  tube  so  that  it  does  not  touch  the  sides ;  a  drop 
of  shellac  is  then  applied  to  the  hole,  which  closes  it  and  fixes  the 
fibre.  In  some  cases  the  cell  is  filled  with  paraffin  oil,  which  still 
further  tends  to  check  the  movement  of  the  mirror. 

The  Kelvin  Marine  Galvanometer. 

75.  This  instniment  is  specially  constructed  for  use  on  board 
ship,  where  the  rolling  of  the  vessel  and  the  constant  movement  of 
masses  of  iron  would  render  an  ordinary  mirror  galvanometer  quite 
useless. 

Fig.  58  shows  a  side  view  of  this  instrument,  the  upper  part  being 
drawn  in  section. 

C  C  C  C  are  the  coils,   which  are    similar    in    form   to    those 
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employed   in  the  ordinary  Kelvin  galvanometer;  there  is,  however, 

but  one  set,  of  two  coits,  instead  of  two  sets  as  in  tlte  latter  inBtnunent. 

The  mirror,  with  the  magnetic  needle  fixed  to  the  bock,  is  strung 

on  a  cocoon  fihrc  in  a  brass  frame.    The  fibre  is  fixed  ut  one  end,  and 


at  the  other  is  attached  to  a  spring,  which  draws  the  fibre  tight. 

The  frame  slides  in  a  groove  between  the  coils,  so  that  it  can  be 

drawn    out  for  the  purpose  of   repairing  the   fibre.    A  powerful 

directing  horse-shoe  magnet  (not  shown  in 

the  figure)  embraces  the  upper  part*  of  the 

coils,  and  serves  to  overpower  the  directive 

I'ffect  of  the  earth's  magnetism.    This  latter 

effect  is  still  further  rendered  harmless  by 

inclosing  the  whole  system  in  the  massive 

sofHron  case  A  A  A  A,  a  small  window  B 

being  left,  through  wliich  the  rays  of  light 

reflected  by  the  mirror  enter  and  return. 

For  obtaining  exact  adjustment  of  the 
spot    of    light  to  zero,  two  small   magnets  Fra.  64. 

(',  and  s,  as  broad  as  the  mirror  magnet  is 

long,  are  provided  ;  by  turning  the  pinion  p  these  magnets  can  be 
made  to  advance  or  retreat,  and  so  act  on  the  mirror  magnet  as  to 
make  it  tnrn  in  one  direction  or  the  other,  as  reqnircd. 
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The  resistanM  of  this  form  of  galvanometer  (which  \%  Bhown 
in  general  view  by  Pig,  54)  ts  iianally  na  high  as  30,000"  or 
40,000". 


The  D'Absosval-Dbpkbz  Dead-bkat  Galtanoscbtbr. 
Joliii  Pnltern. 

76.  The  main  peculiarity  of  this  iiiBtrumeiit  lies  in  the  fact 
that,  whereas  in  almost  all  galvanometers  there  is  a  fised  coil  and  a 
movable  magnetic  needle,  in  this  galvanometer  the  coil  is  movable 


and  the  magnet — a  massive  compound  borse-shoe  of  steel — is  fixed. 
Fig.  5o  repreeents  the  instrument  itself,  as  manufactured  by  P.  Jolin 
and  Co.,  of  Bristol.  The  steel  magnet,  made  of  three  thin  horee- 
shoeH,  each  magnetised  as  strongly  as  possible,  is  firmly  fixed  to  a 
metal  base,  with  its  poles  upwards.  Between  the  poles  hangs  the  coil 
which  is  rectangular  in  form,  and  weighs  oidy  a  few  grains ;  it  is  held 
in  its  place  by  a  thin  silver  wire  alwve  and  another  thin  silver  wire 
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below.  The  coil  is  made  by  winding  the  wire  on  a  continuous 
rectaugnlar  frame  made  of  copper  or  silver  as  thin  as  possible ;  this 
frame,  br  the  reactive  effect  of  the  induced  currents,  which  the  move- 
ment of  the  coil  seta  up,  canaes  the  latt«r  when  deflected  to  come 
rapidly  to  rest. 

To  reinforce  the  magnetic  field,  a  strong  compound  magnet  of 
cylindrical  shape  is  arranged  so  that  the  laminations  ure  in  a  hori- 
zontal direction,  and  so  that  ita  north  pole  comes  opposite  the  south 
pole  of  the  horse-shoe  magnet ;  it  is  placed  in  the  hollow  of  the  sus- 
pended rectangular  coil  without  touching  it,  and  is  firmly  fixed  ;  the 
eoil  is  then  free  to  turn  in  the  very  narrow  space  between  the  com- 
pound magnet  core  and  the  external  m^net-poles  ;  and  it  need 
hardly  be  added  that  this  contrivance  produces  a  very  intense  magnetic 
field.    The  current  is  led  in  br  one  of  the  silver  suspension  wires,  and 


leaves  the  coil  by  the  other.  A  small  mirror  of  1  metre  focus  is 
filed  to  the  suspended  coil ;  a  brass  spring  at  the  bottom  keeps  the 
suspending  wires  stretched;  and  a  screw-head  at  the  top  of  the 
instrument  serves  both  to  regulate  the  tension  in  the  wires  and  to 
let  the  coil  down  to  a  position  of  rest  on  the  central  iron  cylinder, 
whenever  the  galvanometer  is  to  he  dismounted  tor  removal  to  a 
distant  place.  The  resistance  of  the  coil  is  made  from  150"  to  750" 
in  the  ordinary  pattern  of  instrument. 

Ab  there  is  no  suspended  needle,   no  external  magnetic  forces 
affect  the  zero  of  the  instrument;  and,  since  the  position  of  the  coil 
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is  determined  solely  by  the  elasticity  of  the  suspending  wires  and 
the  magnetic  action  of  the  fixed  magnet  on  the  current  in  the  coil, 
it  can  be  used  in  any  position,  and  is  independent  of  the  earth'8 
magnetic  field.  It  can  even  be  placed  quite  near  to  a  dynamo- 
machine,  and  is  therefore  a  most  useful,  and  indeed  an  indispensable, 
type  of  instrument  for  working  under  such  conditions  as  are  met 
with  in  the  manufactories  of  electric  light  plant. 

The  intensity  of  the  magnetic  field  in  which  the  coil  is  situated 
is  such  that  whenever  the  galvanometer-circuit  is  closed — eveo 
through  a  considerable  resistance — the  motion  of  the  needle  is  dead- 
beat.  It  takes  less  than  ofu  second  to  come  to  rest  at  its  final 
position  of  deflection,  and  when  it  returns  to  zero  it  does  so  with 
the  most  complete  absence  of  oscillations.  Altogether,  the  form  of 
instrument  is  an  extremely  satisfactory  one. 

Xalder  Pattern. 

11.  This  instrument,  manufactured  by  Messra.  Nalder  Brothers,  is 
shown  by  Fig.  56. 

Gambrell' Dari^  Patterns. 

78.  The  instrument,  Fig.  T)?,  was  designed  for  use  on  the  stations  of 
the  different  telegraph  companies  abroad,  and  is  extensively  em- 
ployed. The  mirror  and  its  attachments  are  held  in  position,  top  and 
bottom,  by  a  strong  phosphor  bronze  strip  witli  a  spring  at  the  lower 
end,  the  tension  of  which  can  be  adjusted  at  will.  The  top  suspension 
is  provided  with  a  milled  imt  and  a  lock  nut  for  raising  or  lowering 
the  movement,  and  a  stop  is  provided  to  prevent  overstraining  the  sus- 
pension. The  core  is  provided  Avith  cheeks  which  prevent  the 
movement  leaving  the  core  when  the  suspension  is  free,  or  when  tbe 
suspension  frame  is  held  in  a  horizontal  position.  All  parts  are 
easily  accessible  for  examination  or  repairs.  After  removing  the  sus- 
pension frame  it  is  only  necessary  to  slip  off  a  brass  tube,  when  the 
four  connections  of  the  strip  become  visible.  Considerable  surface 
insulation  is  provided,  one  top  guide  being  entirely  of  ebonite,  whilst 
the  lower  end  of  the  suspension  rests  in  an  ebonite  box.  The  body 
of  the  galvanometer  is  supported  on  three  substantial  ebonite  legs, 
which  are  not  adjustable,  as  the  coil  is  independent  of  differences  of 
level,  such  as  are  found  on  any  ordinary  bracket  or  table.  To  comply 
with  the  requirements  of  the  telegraph  coraptmies,  the  coil  is  sus- 
pended with  a  comptiratively  stout  phosphor-bronze  strip,  and  with  a 
coil  of  a  resistance  not  exceeding  80()".     A  deflection  of   80  mm. 
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p«r  microampere  (,|^^  ampere),  with  the  scale  at  a  metre  distance, 
can  be  obtained,  the  coil  coming  to  rest  in  two  aecoodfi*. 

79.  The  instrnment,  shown  by  Fig.  5i^,  is  for  higher  senBibility, 
the  Buspension  being  with  a  finer  strip  than  in  the  case  of  Fig.  57  ; 


Ji. 


il 


levelling  Hcrewa,  also,  are  provided.  With  a  coil  wound  to  about  1000" 
a  deflection  of  80  mm,  can  he  obtaiued  with  a  current  of  0'08  micro- 
ampere ,  1^°^  ampere). 


Robt.   W.  Paul  Falterm. 

HO.  The  instrument  Fig.  59,  called  a  "  Reflecting  Micro-Galvano- 
meter," is  designed  to  provide  a  cheap  and  effective  reflecting 
D'Arsonval  galvanometer  for  works'  use.  The  ebonite  top  plate 
carries  the  terminaU  and  torsion  head.     An  effective  clamp,  worked 

*  The  inetrament  can  qIbo  be  used  aa  a  sigDnlling  galvanooieter  by  tnmiDg 
a  anBll  milled  head  and  clampinfc  pert  of  the  snaptiisioii  atrip,  this  having  the 
eftct  of  greatly  moreasing  the  speed  of  osoillatioii. 
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by  thromng  over  a  lever,  wbich  depresaes  a  plunger  through  the 
medimn  of  a  cam,  clampe  the  coil  for  transit,  and  relieves  tlie 
Bnspemiou  of  its  weight.  lievelling  screwH  are  provided,  the 
instroment  being  set  by  sighting  the  coil.     A  carrent  of  1  mioro- 


aiiipere  (j-„^„,„  ampere)  will  gi*-e  a  dfflt'ctioii,  on  the  scale,  of  about 
90  millimetres,  the  scale  being  at  1  metre  diatance,  and  the  resiaUtnce 
of  the  inBtninieut  Iwirig  175"  ;  ajieriodie  and  ballistic  coils  of  various 
resistanceB  may  be  readily  substituted. 

81,  Fig.  61)  isu  "  vibrationless  giilvanometer  "  ;  it  is  designed  for 
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use  at  sea  and  in  positious  subject  to  vibration  ;  it  has  a  sensibility  equal 
to  that  of  most  galvanometers  with  a  free  suspension.  The  moving 
coil,  which  is  suspended  between  phosphor  bronze  strips  under  strain, 
is  balanced  about  a  vertical  axis  passing  through  the  suspending  strips. 
A  simple  device  affords  an  easy  adjustment  of  the  balance.  The 
instrument  is  thus  suitable  for  marine  use.  The  usual  resistance  is 
about  450**,  and  1  microampere  of  current  will  give  a  deflection 
of  60  scale  divisions  approximately.  Spare  suspensions  soldered  to 
pins  fitting  in  the  coil  and  suspension .  tube  are  supplied,  enabling  a 
broken  suspension  to  be  easily  replaced.  The  tubular  suspension 
frames  are  interchangeable,  enabling  coils  of  various  resistances  to  be 
quickly  pat  into  the  instrument  for  various  purposes;;  the  connections 
are  made  automatically.  A  long  radius  arm  projecting  from  under 
the  instrument  gives  a  sensitive  external  zero  adjustment.  The 
terminals  are  attached  to  brackets  fixed  to  the  under  side  of  the 
ebonite  base-plate,  thus  no  upper  insulating  surfaces  are  exposed  to 
accumulations  of  dust. 

The  Sullivan  Universal  Galvanometer. 

82.  The  special  features  which  distinguish  this  most  useful  form 
of  galvanometer,  and  which  render  it  equally  suitable  for  ship  or 
shore  work,  are — 

Great  sensitiveness. 

Deflections  exactly  proportional  to  current  strength  throughout 
scale  length. 

No  creeping  or  gradual  increase  of  deflection. 

No  zero  instability. 

Great  deadbeatness. 

Independence  of  external  fields. 

It  can  be  mechanically  damped  at  will  to  any*  required  degree. 

Freedom  from  electrostatic  effect  with  low  or  high  voltages. 

Equal  applicability  for  measuring  and  signalling  purposes. 

The  suspended  coil  system  can  be  readily  and  accurately  bal- 
anced so  as  to  be  unaffected  by  the  rolling  or  pitching  of  a  ship. 

The  damping  device  is  a  very  fine  camel's-hair  brush,  so  adjust- 
able that  it  can  be  made  to  more  or  less  closely  envelop  a  portion 
of  the  suspension,  according  to  the  degree  of  damping  required. 
Freedom  from  the  electrostatic  effect  (due  to  the  fact  that  the  insu- 
lated coil  and  the  magnet  and  brasswork  of  the  galvanometer  form 
a  Leyden  or  air  condenser)  is  secured  by  so  arranging  that  the 
coil  and  its  surrounding  magnet,  etc.,  are  charged  to  the  same 
potential  by  the  testing  current,  suitable  means  being  taken  to  pre- 
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vent  surface  leakage  and  loss.  To  obtain  tliia,  Mr.  SalUvan  oonDect" 
a  fine  wire  between  one  end  of  the  coil  and  the  magnet,  and  care- 
fnllj  insnlatea  the  entire  instrument  from  its  wooden  base,  on  a 
tliick  ebonite  slab.  This  entirely  remedies  all  static  charge  effect,  and 
insures  perfect  insulation. 

Used  for  speaking  purposes,  the  instrument  gives  deadbeat  ugnalu 
on  even  a  mile  of  cable  or  non-inductive  line  t  this  is  a  convenience 
iu  communicating  through  cables  widely  differing  in  length,  a 
frequent  necessity  in  cable  operations. 

The  balancing  arrangement  consists  of  a  fine  leaden  wire  half  an 
inch  long,  soldered  at  one  end  to  the  coil  system  and  projecting 
branchwise  from  the  same.  By  bending  this  radial  arm  in  the  reqai- 
site  direction,  the  centre  of  gravity  is  brought,  and  kept,  exactly  in 
line  with  the  suspenHions,  steadiness  being  thus  secared  at  any  angle 
of  roll  or  pitch  of  the  ship. 

By  making  the  lower  suspension  arm  of  ebonite  and  fitting  on  U> 
ite  lower  side  two  platinum  contact  studs  which  are  in  connection  with 
the  two  ends  of  the  coil  through  its  metallic  suspensions  and  frame 


Fto.  61. 

(and  which,  when  the  fmme  is  slid  into  position,  press  upon  two  insu- 
lated springs  in  the  hollow  base  of  the  instrument,  and  in  permanenl 
connection  with  the  terrainala),  connecting  wires  between  the  enspen- 
sion  frame  and  the  terminals  are  dispensed  with.     By  this  arrange- 
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ment,  the  frame,  in  case  of  aocident,  can  he  changed  in  a  few 
seconds. 

The  action  of  the  camel's-hair  brush  is  as  follows  : — The  innu- 
merable points  of  minute  friction  which  it  offers  to  the  suspension^ 
check  the  deflection  of  the  coil  until  the  received  impulses  have  at- 
tained a  potential  sufficient  to  insure  a  decided  movement  of  the  coil, 
thereby  preventing  on  long  cables  the  otherwise  inevitable  gliding  or 
blending  of  snccessive  signals  of  like  sign  into  one  another.  In  the 
case  of  shorter  lengths  the  cameFs-hair  brush  is  not  needed,  and  it 
may  be  drawn  back  clear  of  the  suspension,  the  electro-magnetic 
damping  of  the  coil-former  or  coil-frame  being  sufficient  to  make  the- 
instrument  dead-beat  on  open  circuit. 

Fig.  61  gives  a  general  view  (with  cover  removed)  of  the  latest 
pattern  of  the  instrument. 

As  regards  the  balancing  device,  referring  to  Fig.  62,  it  will  be 
observed  that  the  coil  has  two  leaden  arms  L  W,  L  W^,  attached  to  it 
— the  one  at  the  front  and  the  other  at  the  back — the  object  being  ta 


G,  rectangular  ooil  wound  od  a  metallic  former.  S  0,  fixed 
soft  iron  core.  M,  mirror.  T,  terminal.  8,  sleeve  or  tube 
part  of  luapension  frame,  which  sleeve  or  tube  fits  over  G  U. 
H,  Hole  for  the  holder  of  earners  hair  damping  brush  D  B. 
P  S,  insulated  platinum  studs  on  lower  arm  of  suspension 
frame.  I  S,  ivory  adjustment  screw  projecting  on  both  sides 
of  lower  suspension  arm ;  this  screw  fits  smoothly  between 
brass  g^ide-plates,  and  is  adjustable  laterally  lor  centering 
the  ooU  system  in  the  magnet  gap.  A  S,  adju.stmeut  screws 
for  ebonite  collars  E  G,  through  wliich  suspension  rods  R 
projecting  above  and  below  from  the  ooil  pass  without 
touching.  L  W,  LW^,  leaden  wire  radial  arms  for  balanoin^ 
ooil.  T  H,  adjustable  torsion  heads  for  regulating  the  tension 
of  the  suspension  wires. 


I^^M** 
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Fig.  62. 


secure  a  dynamic  balance  of  the  coil,  and  to  allow  of  the  final  adjust- 
ments being  conveniently  effected  by  means  of  the  more  accessible 
front  wire  (L  W^).  It  will  be  noted  that,  given  exact  equiponderance 
around  the  axis  of  rotation,  L  W  must  be  heavy  enough  to  counter- 
balance the  mirror  and  L  W^  combined. 

In  adjusting  the  leaden  arms,  no  shellac,  tools,  etc.,  are  required, 
and  the  suspension  frame  need  never  be  removed  from  the  instrument ; 
it  will  suffice  to  raise  it  a  little  on  its  cylindrical  upright  for  each  fresh 
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adjustment  so  as  to  allow  of  the  coil  and  its  radial  arms  just  clearing 
the  magnet  gap  and  being  readily  handled. 

Owing  to  its  perfect  balance,  the  instrument  is  unaffected  not  onlr 
by  rolling  and  pitching  but  also  in  a  marked  degree  by  severe  vibra- 
tory influences,  having  been  found  to  work  well  on  a  torpedo  boat  in 
a  rough  sea.* 

With  the  comparatively  stout  and  rigid  suspensions  required  on 
board  ship,  the  sensibility  exceeds  that  of  an  ordinary  marine  galvano- 
meter (§  75),  while  for  more  delicate  measurements  on  shore, "  figures 
of  merit "  (§  97,  page  98)  up  to  that  of  the  ordinary  form  of  the 
Kelvin  instrument  (§  58)  are  obtainable  by  suspending  the  coil  more 
or  less  finely  and  from  above  only,  connection  with  the  bottom  end 
being  maintained  by  a  fine  non-directive  wire  spiral. 

The  coil  is  wound  to  any  desired  resistance  from  a  few  ohms  up 
to  1500"  according  to  the  particular  work  for  which  the  instrument 
is  required.  When  w^ound  with  from  lOOO"  to  1500**  the  instru- 
ment will    measure  with  accuracy,  in  pra^^tkal  working,  currents 

down  to  '00025  microampere  (^  JI,7of^<j  ampere)  and  quantities  down  to 

•  00050  microcoulomb  (^  ^J^^^,  coulomb),  with  a  duration  of  swing  of 
1  to  10  seconds. 

Its  high  sensibility  renders  this  form  of  galvanometer  specially 
valuable  in  tests  by  the  Wheatstone  bridge  or  null  method.f 


Angle  of  Maximum  Sefusitivefw^s — Inferred  Zero, 

88.  The  anffle  of  maximum  sensitiveness  (page  29)  in  a  reflecting 
galvanometer  is  the  largest  deflection  which  can  be  obtained,  as  the 
angle  of  deflection  is  but  a  very  few  degrees^  and,  consequently,  the 
true  maximum  angle  can  never  be  reached. 

84.  By  turning  the  controlling  magnet  of  the  instrument  so  that 
the  needle  is  turned  through  a  large  angle,  the  normal  zero  becomes 
at  a  considerable  distance  off  the  scale,  and  the  sensitiveness  of  the 
galvanometer  to  changes  in  the  current  strength  producing  a  deflec- 
tion, can  be  made  very  great.  Thus,  supposing  the  needle  to  be  nor- 
mally at  the  ordinary  zero,  and  suppose  that  a  current  caused  it  to 
deflect  to  850  divisions,  then  an  increase  in  the  current  of  say  1  per 

cent,  would  increase  the  deflection  of  *  '*  ,  or  858  •  5  ;  that  \&^ 

would  increase  it  8*5  divisions.     If  now  the  working  zero  had  been 

♦  Soe  ♦  Electrical  Review,*  April  21\  1898. 

t  See  an  article  by  Mr.  W.  J.  Murphy,  *  Electrician,'  August  26,  1898. 


GALVANOMBTEBS.  81 

850  diviBionB  to,  say,  the  left  of  the  ordinary  zero,  and  if  the  current 
had  been  strong  enough  to  produce  a  deflection  of  350  divisions  to 
the  right  of  the  ordinary  zero,  then  the  deflection  would  be  equivalent 
to  850  +  850,  or  700  dinsions,  and  an  increase  in  the  current 

of  1  per  cent,  would  increase  the  deflection  to  - — -^^r — ,  or  707, 

that  is  to  say,  an  increase  of  7  divisions.    If,  lastly,  the  controlling 

magnet  is  turned  so  that  the  needle  has  a  zero  equivalent  to,  say, 

2000  divisions  to  the  left  of  the  ordinary  zero,  that  is  an  inferred  zero, 

as  it  is  called,  of  2000,  then  if  the  needle  were  deflected  to  the  right 

by  a  current  sufficiently  strong  to  bring  the  deflection  on  the  scale, 

and  to  give  it  a  value  of  850  to  the  right  of  the  ordinary  zero,  the 

deflection  representing  the  current  would  be  850  +  2000,  or  2350 

divisions,  and  an  increase  in  the  current  of  1  per  cent,  would  increase 

2350  X  101 

the  deflection  to — — ,  or,  2873 '5,  that  is  to  say,  an  increase 

100       >     »  >  J^ 

2S  *  5  divisions.  In  actual  practice  it  is  often  possible  to  use  an  inferred 
zeroconsiderably  greater  than  2000, and  with  corresponding  advantage. 

The  Bboca  Galvanometer. 

85.  This  galvanometer  (The  Cambridge  Scientific  Instrument 
Company  Ltd.),  is  a  special  form  of  the  "  moving-magnet "  type. 
The  principle  on  which  it  is  constructed  is  that  introduced  by  Prof. 
Broca,*  ifecole  Polytechnique,  Paris,  and  further  developed  in  this 
country,  chiefly  by  Dr.  Harker,  of  the  National  Physical  Labora- 
tory.   The  principal  advantages  are  as  follows : — 

(1)  It  is  extremely  sensitive. 

(2)  The  period  is  easily  varied  by  means  of  the  control  magnet. 
(8)  The  damping  is  easily  varied  by  means  of  the  damping  plates, 

and  is  independent  of  the  resistance  in  the  external  circuit. 

(4)  Coil  boxes  of  different  resistances  may  be  quickly  inter- 
changed, and  the  resistance  of  the  instrument  may  also  be  varied 
by  connecting  the  coils  in  series  or  parallel. 

The  general  appearance  of  the  instrument  is  shown  in  Fig.  68. 

The  distinctive  feature  of  this  form  of  galvanometer  is  in  the 
moving  system.  The  magnets  consist  of  two  wires  placed  vertically, 
and  each  so  magnetised  that  its  two  ends  are  of  like  polarity  with  a 
consequent  pole  in  the  middle.  This  form  makes  it  possible  to  use 
comparatively  powerful  magnets  while  the  moment  of  inertia  of  the 

*  Comptes  Bendofl,  Acad^mie  des  Sciences,  cxxvU.  p.  101 ;  Stance  da  13/7, 
1906,  Sod^t^  fraD^aise  de  Physique,  Ann.  1896.  p.  249 ;  S^nce  du  17/7, 1896. 


82  HANDBOOK  OF  ELECTKICAL  TESTING. 

Boapended  systems  is  kept  small ;  at  the  same  lime  the  arrange- 
ment  is  very  astatic.  The  whole  is  snspended  by  a  fine  qnaitE  fibre. 
The  controlling  force  Ib  mpplied  in  a  Bmall  d^ree  by  this  fibre*  bat 
principally  by  the  controlling  magnet  B  at  the  back  of  the  instrn- 
ment.  The  faces  of  the  ebonite  coil  boxes  are  completely  covered  by 
tinfoil,  while  the  frame  being  of  metal,  the  snspended  f^stem  is  com- 
pletely shielded  from  electrostatic  forces.  In  order  to  prevent  a 
large  potential  difference  existing  between  the  metal  frame  and  the 
coils,  one  terminal  is  earthed,  while  the  levelling  screws  are  fitted 
with  ebonite  inanlating  toes. 


^^ 


Fio.  63. 


The  vibration  period  may  be  readily  varied  from  abont  5  to  20 
seconds  by  simply  adjusting  the  control  magnet. 

The  lumping  is  also  adjustable.  Below  the  snspended  system  is 
fitted  a  very  light  alumininm  damping  vane,  which  tnms  with  t^e 
suspended  system,  and  has  a  stationary  flat  brass  damping  plate  on 
each  side  of  it.  To  increase  the  damping  it  is  only  necessary  to  push 
these  plates  closer  together  by  means  of  the  knobs  C  C,  and  so  reduce 
the  size  of  the  chamber  within  which  the  vane  moves. 

The  suspension  being  of  quartz,  a  very  stable  eero  is  obtained. 

The  coils  (in  the  instmments  manufactured  by  the  Cambridge 
Scientific  Instniment  Company)  are  in  pairs,  and  are  sappUed  of 
three  resistances,  viz.  10".  100"  and  1000".  By  connectiog  each 
pair  of  coils  in  parallel,  additional  resistances  of  i-b",  25"  and  250" 
can  be  obtained. 
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Every  care  is  taken  to  make  the  optical  system  as  perfect  as 
possible.  The  instrument  is  usually  fitted  with  a  plane  mirror 
(4x5  mm.)  and  a  convex  lens  of  1  metre  focus.  If  required,  lenses 
of  2  metres  focus  can  be  fitted,  or  plane  glass  may  be  substituted  for 
the  lens,  for  use  with  a  telescope  instead  of  a  lamp. 

Great  care  is  taken  to  make  the  moving  system  as  astatic  as 
possible,  and  in  this  respect  the  instrument  is  much  superior  to  the 
ordinary  "  moving  magnet "  type. 

To  Set  Up  the  Galvanometer. 

The  instrument  should  be  set  up  on  a  solid  support  as  free  from 
vibration  as  possible.  A  slate  slab  let  into  a  brick  wall  will  gener- 
ally be  found  satisfactory.  When  set  up,  the  instrument  should  be 
levelled  by  means  of  the  levelling  screws  on  the  base.  The  damping 
plates  should  then  be  withdrawn  by  pulling  out  the  knobs  G  C,  and 
then  gently  pressing  down  the  smaU  knob  D,  which  will  be  found  at 
the  back  above  the  coils.  The  suspended  system  should  now  swing 
free.  To  bring  the  needle  to  zero  the  directing  mt^et  B  should  be 
used;  by  its  means,  also,  the  period  can  be  adjusted  to  suit  the 
requirements  of  the  operator. 

The  following  Table  shows  the  "sensibilities"  of  the  Broca 
instruments  of  different  resistances. 

Table  or  Appboximatb  Sbnsibilitiis.    Soalb  Distanob  1  Mbtbb. 


Bedstanoeof 
ooUsln 


ohms. 
9*4 
10-7 
99-2 
123 
1251 
1260 


VibraOon 
period. 


McondB. 
18 

16-5 
19 

11-5 
17.5 
10-6 


Deflection. 


per  micnwmp.* 


1040 
700 

2000 
840 

7200 

1750 


per  mierovolt.* 


mm. 
110 
65 
20 
6-9 
5-7 
1-4 


The  Duddell  Thebmo-Galvakometeb. 

86.  This  instrument.  Fig.  64  (The  Cambridge  Scientific  Instru- 
ment Company,  Ltd.),  is  especially  suitable  for  accurately  measuring 
small  alternating  currents.  The  high  resistance  and  self-induction 
of  the  coils  of  instruments  of  the  electro-magnetic  type  frequently 
prevent  their  use,  and  electrostatic  instruments  as  at  present  con- 

*  See  page  1. 

G  2 


84 


HANDBOOK  or  ELECTEICAL  TESTING. 


Btntcted  are  not  altogether  snitable  for  measuring  very  small  carrente, 
nnleee  a  high  potential  difference  is  available. 

The  Dnddell  thermo-galvanometer  can  be  used  for  the  tneaanre- 
ment  of  extremely  small  cnrrcDto  to  a  high  degree  of  accuracy.     It 


Fia.  64. 

has  practically  no  self-indactiou  or  capacity,  and  can  therefore  be 
used  on  a  circuit  of  any  frequency  (even  up  to  120,000  ~  per 
fiec.),  and  currents  aa  small  as  20  microamperes  can  be  readily 
measured  by  it.*    It  is  eqnally  correct  on  continuons  and  altemaUng 

*  As  BB  example  of  the  Mnsibilitj'  attained  with  tha  therino-g:iilT*iioiDeter, 
It  mBj  be  mentioned  that  if  a  Bell  (elepliniie-reniiver  ii  connoated  to  the  iiutni- 
meDt.  a  oompaiatiTsly  Bmall  noise  of  the  ns-ht  pitch  is  aufficieDt  to  generate 
enough  current  to  throw  the  spot  of  liglit  off  the  j^lvaiiaiiieter  icsle.  Another 
experiment  showed  that  if  the  thermo-galvnnometer  was  conoected  to  the  line 
wir«i  of  a  microphone-transmitler  arraDged  in  Uie  ordinary  way,  wliiatliug  at  a 
distance  of  from  15  to  20  feet  tiDm  tlie  miorophone  caused  defleotiona  of  several 
hundred  scale  diTieious. 
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correnta.  It  can  therefore  be  accurately  BtandardiBed  bj  continaons 
cnrreat  and  used  without  error  on  circuite  of  any  frequency  or  ware- 
form. 

The  iuatrument  coDBiate  of  a  resistance  which  is  heated  by  the 
cnrreut  to  be  measured,  the  heat  from  the  resistance  falhug  on  the 
junction  of  a  small  thermo-couple.  The  rise  in  temperature  of 
the  lower  juuctioQ  of  this  thenno-<x)aple  produces  a  current  in  the 
loop,  which  is  deflected  by  the  magnetic  field  agaiuBt  the  torsion  of  a 
quartz  fibre. 

Fig.  65  shows  the  arrangement  of  the  parts. 

In  the  field  between  the  pole-j^eces  N,  S,  of  a  permanent  magnet 
is  suspended  by  means  of  a  quartz  fibre  Q  a  single-turn  coil  or  loop 
of  wire  L,  to  the  lower  ends  of  which  is  fixed 
a  thermo-couple.  This  loop  is  surmounted  by 
a  glass  stem  6  which  carries  a  mirror  M.  Below 
tile  lower  junction  of  the  thermo-couple  is  fixed 
the  heating  resistance  or  "  heater,"  one  end  of 
which  is  connected  to  the  frame  of  the  instru- 
ment to  avoid  electrostatic  forces.  The  current 
to  be  measnred  passes  through  the  "  bef^r," 
raising  its  temperature,  causing  the  lower 
junction  of  the  thermo-couple  to  rise  in  tempera- 
ture above  the  npper,  thus  producing  a  current 
round  the  loop  L  which  is  deflected  by  the 
magnetic  field  against  the  torsion  of  the  quartz 
fibre  Q. 

The  deflections  of  the  instrnment  are  prac- 
Ijcallj  proportional  to  the  square  of  the  current 
when  the  heater  is  central  under  the  junction. 
The  sensibility  of  the  instrument  depends  on 
the  reustance  of  the  "heater"  and  on  its 
distance  from  the  thermo -junction.  The 
"heaters"  are  set  up  in  small  protecting  cases 
with  contact  rings,  so  that  they  can  be  inter- 
changed quickly  when  it  is  desired  to  greatly 
alter  the  sensibility  of  the  instrument,  p,g_  e5_ 

An  adjusting-screw  F  (Fig.  64)  is  pro- 
vided, BO  that  the  distance  between  the  "  heater  "  and  thermo -junction 
can  be  varied,  and  by  this  means  small  changes  in  the  aenaibUity 
can  be  made  without  altering  the  "  heater  "  or  changing  the  shuntfl 
in  use  for  the  experiment.  Shnnts  (Chapter  IV.)  may  be  used  with 
the  instruments,  for  measuring  low  frequency  (under  1000~}and 


^^A^ 


s 


n' 
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diiect  currents;  bat  for  high  frequency  corrents,  sach  as  those 
employed  in  wireless  telegraphy,  there  is  great  uncertainty  as  to  the 
ratio  in  which  the  current  will  divide  between  the  instrument  and 
shunt  circuits. 

The  base  of  the  instrument  is  fitted  with  levelling  screws  and 
levels.  Fig.  64  shows  the  heavy  metal  plate  E,  which  protects  the 
couple,  removed  and  standing  on  the  base  of  the  instroment.  A 
stout  mahogany  cover  (not  shown  in  the  fig.)  shields  the  instru- 
ment from  dust  and  heat  radiation.  The  mirror  M  (Fig.  65)  is 
plane,  but  the  instrument  is  fitted  with  a  lens  which  gives  an  image 
on  the  scale  at  a  distance  of  1  metre  when  used  with  the  ordinary 
galvanometer  lamp  and  scale. 

The  following  Table  shows  the  approximate  sensibility  of  the 
instrument  with  heaters  of  different  resistances. 

TaBUB  or  ArPBOZniATB  SKHiXBILITIBS.     SOALB  DiflTANOB  1  MbTBB. 


BMbtanoeof 
UeAter. 

Currant  to  give 
350  mm.  de- 
flection. 

Current  to 

give  10  mm. 

deflection. 

P.D.  to  give 
Sftu  mm.  de- 
flection. 

1 

P.D.  to  give 
10  mm.  de- 
flection. 

1 
milUvoltB. 

22 

OhlBt. 

abontlOOO 

mkro- 
unperee.* 

110     ' 

micro- 
•mperee. 

22 

millivolts.* 
110 

.,        400 

175 

35 

70 

14 

„        100 

40 

„          10 

850     i 
550 
1,100 

70 
110 
220 

85 
22 
11 

7 

4*4 

2-2 

;  heater  doee  to 
junction. 

4 

1,750 

850 

7 

1-4 

1 

3,500 

700 

8*5 

0-7 

[heater  lowered 

1 

10,000 

2000 

10 

2-0 

awaj  from 
jnnctioii. 

The  Ballistic  Galvanombtbr. 

87.  This  galvanometer  is  used  to  measure  transient  currents,  sach 
as  those  produced  by  the  discharge  from  a  condenser,  or  those  set  up 
by  electro-magnetic  induction. 

The  principle  of  the  instrument  depends  upon  the  arrangement 

*  See'page  1. 
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being  sach  that  the  movement  of  the  magnetic  needle  does  not  prac- 
ticaUy  take  place  until  the  transient  current  has  ceased.  In  the  great 
majority  of  cases  met  with  in  ordinary  testing  this  condition  is  satisfied 
approximately  in  the  ordinary  Kelvin  mirror  galvanometer,  since 
the  discharge  from  a  condenser  of  low  capacity  or  from  a  moderate 
length  of  cable,  such  as  would  have  to  be  measured  in  practice, 
is  extremely  brief.  Of  recent  years,  however,  experimental  work  in 
connection  with  dynamo  machinery  has  required  the  measurement  of 


Fio.  66. 


Fig.  67. 


transient  currents  of  comparatively  long  duration,  hence  the  use  of 
the  ballistic  galvanometer  has  become  more  general. 

88.  In  the  ballistic  instrument  the  object  required  is  effected  either 
by  inclosing  the  magnetic  needle  or  needles  in  a  hoUow  spherical 
ballet,  or  by  having  each  needle  formed  of  a  cylindrical  shape  as 
shown  (drawn  to  an  enlarged  scale)  by  Fig.  66. 

The  needle,  it  will  be  seen,  is  formed  of  a  hoUow  steel  thimble 
which  is  slit  down  its  length,  thus  forming  a  horse-shoe  with  semi- 
cylindrical  legs ;  the  thimble  is  fixed  on  an  axis  a  b,  which  axis  may 
have  several  of  these  thimbles,  i.e.  two  with  their  similar  poles  set 
opposite  each  other  in  the  centre  of  each  coil  and  others  outside,  but 
in  close  proximity  to  the  coils  (Fig.  68,  page  90). 

In  whatever  way  the  needles  are  arranged,  the  object  aimed  at 
18  that  the  motion  of  rotation  shall  be  as  little  retarded  by  the  air 
resistance  as  possible. 

89.  The  principle  of  the  ballistic  galvanometer  may  be  explained 
as  shown  by  Fig.  67.  Let  W  be  a  weight  suspended  from  a  string, 
and  let  this  weight  be  pushed  by  a  pressure  P  applied  for  a  very 
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short  time  t.    Then  the  velocity  v  with  which  W  will  move  at  the 
end  of  the  time  t  will  be 

but 

■^        W 
where  g  is  the  coefficient  of  terrestrial  acceleration,  therefore 


and 


Now  the  work  aocumnlated  in  W  is 

which  equals 

W2     ^  2  g        2  W  * 

The  work  done  when  the  weight  has  moved  through  the  angle 

ff'is 

W  y,  [A] 

therefore 

2W    =^^' 
2W2       ^' 

a2  «  y2  +  g2  ^  y2  +  ^2   ^   (^  _  y)2 
=  y2+   ^2  ^   ^2   _y2  +  2Zy, 

P2^^^  a2 

"2  w     2  r 


or 

Now 

that  is, 
or 

therefore 


or 


P2<2  ^  ^2^ 
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in  which,  since  ff"  is  very  small,  a  represents  the  number  of  divi- 
sions of  deflection. 

If,  now,  T  be  the  time  in  seconds  which  the  weight  would  take 
to  make  one  eomplite  oscillation,  i.e.  one  backwards  and  forwards 
movement,  when  swinging  freely,  then 


=  'n/^' 


or   —  = 


therefore 


or 


WTa 


P^  = 


2irl  * 


Now  if  we  push  the  weight  by  a  constant  force  F,  to  an  angle 
j8*,  then 

F  =  Wtan/8''  =  w|, 

if  jS**  is  very  small  and  b  is  the  number  of  divisions  of  deflection. 
We  have  then 

^    ft ' 

therefore 

FZ 

Now  P  t  corresponds  to  a  current  kept  on  for  a  certain  time,  i.e. 
to  a  discharge  of  so  many  coulombs  (Q)*  of  electricity,  and  P'  to  a 
permanent  current  of,  say,  A  amperes ;  we  can  therefore  say 

The  g  of  the  mechanical  problem,  it  should  be  remarked,  corre- 
sponds, in  the  case  of  the  galvanometer,  to  the  deflective  force  of  the 
earth's  magnetism. 

*  1  coulomb  ia  the  quantity  of  electricity  which  paasee  during  1  second  when 
a  cuirent  of  1  ampere  is  flowing,  or  the  quantity  which  a  capacity  of  1  farad 
charged  to  1  Tolt  potential  will  contain. 
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For  txampU. 

The  discharge  from  a  condenser  gave  on  a  bollifltic  galvanomtiier 
a  throw  of  120  divisions  (a).  The  pennauent  deflection  prodnced 
by  a  current  of  50  milliampere8(*05  amperes)  (A),  was  240  divisions 
(b).  The  nomber  of  complds  owaUatione  which  the  needle  made  in 
60  seconds  when  swinging  freely  was  10,  i.e.  T  =  |g  ^i  6.  How 
many  coulombs  did  the  condenser  contain  ? 


•05  X  6  X  120 
"  2  X  ai416  X  240 


-  ■0239ooTi)omb. 


In  order  to  determine  the  Dumber  of  swings  the  needle  makes  in 
A  given  time,  the  eye  shoald  be  kept  fixed  on  any  point  on  the  scale. 


and  each  time  the  spot  of  light  passes  that  point  m  the  aama  dirtction 
a  connt  shoald  be  made. 

90.  A  very  convenient  form  of  the  instrument  (designed  by 
Messrs.  Nalder)  is  that  shown  by  Fig.  68.  One  of  the  coils  i» 
hinged,  and  when  thrown  back  (as  shomi  in  the  8g.)  the  needles 
can  easily  be  got  at  if  necessary.  A  clamping  screw  keeps  the 
movable  coil  id  ite  place  when  the  coil  is  set  in  its  normal  podtion. 
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Throw  Pboducbb  by  a  Pebmanent  Cubbent. 

91.  In  some  cases  it  is  required  to  know  to  what  permanent 
deflection  the  throw  produced  by  a  permanent  cnrrent  corresponds. 
This  problem  may  be  dealt  with  as  follows : — 

Let  W  (Fig.  69)  be  a  weight  urged  forward  by  a  constant  pres- 
sure P,  then  the  actual  pressure  P'  against  W,  when  the  latter  has 
moved  through  the  angle  ^%  will  be  the  pressure  P  minus  the  resolved 
back  pressure  exerted  by  W ;  this  back  pressure  will  be  W  tan  0% 

which  equals  W  y  if  tf *  is  very  small ;  therefore 


F  =  P  -  W 


and  the  acceleration  will  be 


X 

i 


^'-%^<^-j> 


Now  the  movement  of  W  is  due  to  a  continuaUy  decreasing 
pressure  P'  acting  against  W,  which  pressure 
beyond  the  permaaent  deflection  position 
becomes  a  retarding  pressure  which  eventually 
stops  the  movement  of  W.  This  continually 
decreasing  pressure  is  equivalent  to  a  continually 
decreasing  acceleration,  so  that  if  /^  is  the 
acceleration  after  the  weight  has  moved  through 
a  distance  a?,  the  velocity  which  W  will  have 
after  it  has  moved  through  a  distance  h  will 
be  given  by 


Fib.  69. 


^LoW     2O     ^Lw    21} 

If  a  be  the  permanent  deflection  when  the  needle  has  settled 
down  to  an  angle  a°,  then 


P  =  W  tan  a°  =  W  ?!, 


if  a°  is  small. 
Therefore 


I 


v..2,[ij-^J-»_[2«»..j.].       M 
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When  the  needle  has  moved  to  its  fullest  extent,  then  T  =  0, 
hence 

2  a  &  -  «>2  «  0, 
or, 

b  ^  2a, 

that    is  to  say,  the  throw  of  the   needle    is  twice   the  permanent 
deflection* 

Thbow  Produced  by  a  Permanent  Current  Combined 

WITH  A  Sudden  Impulse. 

92.  It  sometimes  happens  that  the  throw  of  the  needle  is  pro- 
duced by  a  sudden  discharge  superimposed  on  a  permanent  current, 
as  for  instance  when  we  have  from  a  submarine  cable  a  static 
discharge  superimposed  on  an  earth  current ;  we  may  then  require 
to  know  what  portion  of  the  throw  is  due  to  the  discharge  alone. 
In  this  case  we  have  W  urged  at  the  moment  the  pressure  P  is 
applied,  by  an  impulse  which  would  give  it,  say,  a  velocity  v.  Now, 
if  a  body  after  removing  from  rest  with  an  accelerated  motion,  is 
moving  with  a  velocity  V  after  it  has  passed  through  a  certain 
distance,  then  if  it  starts  off  with  a  velocity  v  it  will,  after  passing 
through  the  same  distance,  have  a  velocity  Y^  such  that 

Now,  the  velocity  which  W  (Fig.  71)  must  have  in  order  to  move 
it  through  the  angle  ^j",  will  be  the  velocity  which  it  would  acquire 
in  falling  through  the  distance  t/y  that  is 

e;2  =  2  /7  y  ; 

*  Mr.  F.  Addey  has  pointed  out  {The  Eleetrieal  Reoiewy 
April  14, 1905),  that  this  &ct  follows  directly  £iom  the  follow- 
ing considerdtion.  Iiet  A  A',  Fig.  70,  be  the  rest  position  of 
the  needle,  and  let  the  latter  under  the  inflaenoe  of  the 
oorreiit  be  moved  through  an  angle  0^  to  the  position  B  B'. 
Now  if  the  rest  position  had  been  B  B',  and  the  oeedle  had 
been  drawn  back  to  the  position  A  A'  and  then  allowed  to 
swing,  it  would,  as  a  pendulum,  swing  to  the  portion  C  C, 
i.e.  through  an  angle  2  6°.  The  action  of  the  current  being 
simply  to  Bhift  the  rest  position  from  A  A'  to  B  B'  through 
an  angle  9^,  it  is  ubvioud  that  the  swing  deflection  is  twice 
that  of  the  permanent  deflection. 
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but 


Therefore 


therefore 


^  =  2'1  ^^^  ^^^  P^^  ^^^' 


^'-r,; 


(see  [A],  page  91). 

When  the  needle  reaches  its  limitiug  position, 
then  Vi  =  0, 
henoe 

2aft-ft2  +  c2  =  o, 
or 

c2  =  ft2  -  2  a  ft, 

that  is 

c  =  -/r(ft"-  2fl).  [A] 

i^or  example. 

The   discharge  from  a  submarine  cable  gave  Fio.  71. 

a  throw  of  300  divisions  (ft),  and  after  the  needle 
had  settled  down  it  was  observed  that  there  was    a  permanent 
deflection  of  100  divisions  (a) ;  what  would  the  throw  (c)  have 
been  had  there  been  no  current  producing  the  permanent  deflection  ? 

c  =  V300  (800  -  2  X  100)  =  178  divisions. 
(See  also  §  95,  page  97.) 


COBBECTION  FOB   DAMPINa. 

93.  The  swing  of  the  needle  of  a  galvanometer,  produced  bj 
a  transient  current,  does  not  represent  the  actual  throw  due  to 
the  current,  but  the  full  vibration  damped  by  the  resistance  of  the 
air,  etc. ;  if  we  wish  to  determine  the  actual  throw  which  would 
take  place  provided  no  damping  existed,  we  must  make  a  correc- 
tion. To  obtain  the  true  formula  for  this  correction  is  a  somewhat 
difficult  matter,  involving  an  intricate  calculation ;  the  following^ 
however,  gives  a  closelj  approximate  result. 

Experiment  has  proved  that  all  the  vibrations  of  a  damped  needle 
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are  made  in  approximately  the  same  time,  i.e.,  although  each  vibra- 
tion is  less  in  magnitude  than  the  one  which  precedes  it,  yet  it  takes 
the  same  time  in  its  vibration.    It  is  also  known  that  the  damping 

resistance  is  approximately  directly  propor- 
tional to  the  velocity  with  which  the  needle 
moves.  These  two  laws  being  admitted,  we 
may  deal  with  the  problem  in  the  following 
way: — 

Let  the  transient  cnrrent  cause  the  weight 
.       ,.       W  (Fig.  72)  to  swing  from  A  to  B,  i.e. 
/  M.....-^  through  a  distance  a,  and  let  the  distance 

1%     J  IT^^sSljf^  C    through  which  it  would  have  moved   had 
'    "^  there  been  no  damping,  be  o^,  i.e.  the  dis- 

tance from  A  to  C.  Also  let  the  weighty 
when  it  swings  back  from  B,  swing  to  D,  i.e. 
a  distance  h  to  the  left  of  A.  Now  we  see  from  equations  [A]  and 
[B],  page  88,  that  when  there  is  no  damping,  the  work  done  in 
moving  W  through  the  distance  a^  is 

but  owing  to  damping,  W  has  only  moved  through  a ;  hence  we  have 

K  Oi*  =  K  a*  +  resistance  of  damping. 

If  ^  be  the  time  taken  by  W  in  moving  from  A  to  B,  then  as  the 
work  done  must  be  proportional  to  the  resistance  encountered,  i.e.  to 


where  A;  is  a  constant  and  -  the  velocity,  and  as  it  must  also  be 
proportional  to  the  distance  through  which  W  moves,  therefore 


a- 


resistance  to  damping  »  i  y , 


hence 


a 


2 


V 


or 


a^ 


K(a,«-a«)  =  *:i. 


[1] 
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Similarly  the  work  done  b j  W  in  moving  from  B  to  A  must  be 

1ca\ 
and  the  resistance  enooontered 

for  W  wiU  not  move  back  from  B  to  A  in  the  same  time  that  it 
moves  from  A  to  B  (actoally  it  will  move  back  slower) ;  hence  the 
energy  left  when  W  arrives  at  A  will  be 

This  remaining  energy  has  to  move  W  from  A  to  D,  that  is  to  say, 
it  has  to  do  the  work 


that  is, 


or 


Dividing  [2]  by  [1]  we  get 

a»  -  y  _  ^  +  ^  _  ^  f.  +  ^ 

t  t 

Now  the  time  taken  by  W  in  moving  from  B  to  A  will  be  to  the 
time  taken  by  it  in  moving  from  A  to  B,  aa  a  to  i,  henoe  we  have 

^.f     or    ^  =  * 
t^     h  ti     a 

Pnrther,  the  ratio  of  the  magnitude  of  one  vibration  to  the 
magnitude  of  the  next  is  always  a  constant  quantity,  and  it  follows 
from  this  that  the  ratio  of  the  two  halves  of  one  vibration  on 
either  side  of  sero  will  be  in  the  same  proportion,  i.e.  if  p  be  this 
ratio 

f)  =  T,    or    ft*  =  — ,,    and    -  =  -. 
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Again,  sinoe  the  times  of  all  the  complete  vibrations  are  the  same, 
and  since  the  ratio  of  the  halves  of  the  vibrations  on  either  side  of 
zero  is  the  same,  therefore  the  times  of  all  the  commencing  halves  of 
the  vibrations  must  be  the  same  (and  also,  of  course,  the  times  of  aU 
the  concluding  halves)  ;  hence  we  must  have 


t  =^„    or   ^«  =  1. 

V 

We  therefore  have 

a^-b^      '^l^'' 

ai«  -  a«           a« 

or 

,      a*      a«      a» 
a*  -  -g      —  +  -J 

therefore 

therefore 

a^ 

p*  -  a«  =  fli"  (p  +  1)  -  aV  -  o* ; 

therefore 

ai*0>+l)  =  aVO»+l); 

therefore 

V  =  «V, 

or 

»i  =  «  Vp- 

94.  If  the  damping  is  very  decided,  then  if  we  note  the  amplitade 
of  any  two  successive  vibrations,  the  larger  divided  by  the  smaUer 


Pio.  73. 


gives  us  p.  If,  however,  the  damping  is  small,  then  it  may  be 
necessary  to  take  a  large  number  of  vibrations,  observing  the  ampli- 
tude of  the  first  and  last,  and  also  the  number  of  vibrations  made ; 
from  these  we  may  calculate  the  value  of  p. 
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Letj7,  q,  r,  8  (Fig  78)  represent  a  series  of  diminishing  vibrations, 
then — 

1st  vibration  »  p 

2nd       „        =g=        P 

P 


3rd        „        =r  =  ?=§ 

4th        „         =^  =  ^=^3 

P     P^ 

nth       „        =2         =  -^ 


pn-l 


therefore 


or 


2' 


-(i>"^^ 


that  is, 


v^-C-)""" 


^(E?r  example. 

The  first  of  a  series  of  vibrations  of  the  needle  of  a  galvanometer 
was  280  divisions  (p),  and  the  5th  vibration  was  240  divisions  (z)  ; 
what  was  the  correction  coefficient,  and  what  wonld  be  the  throw  of 
the  instniment  when  undamped,  supposing  the  throw  when  damped 
to  be  310  divisions  ? 

1 

Correction  coefficient  =  (||^)^^  "  ^^  =  1*0195  ; 

hence  the  corrected  throw  is  310  x  1*0195  =  316  divisions. 

95.  In  the  case  of  formula  [A]  page  98,  the  correction  coefficient 
must  be  applied  to  h  only  and  not  to  a,  as  the  latter  being  a  permanent 
deflection  is  of  course  not  affected  by  the  damping  ;  the  result  worked 
out  from  the  formula  gives  the  undamped  throw  due  to  the  discharge 
only. 

Throw  produced  hy  Accumulated  Current, 

96.  It  has  often  been  suggested  that  in  certain  tests  where  but  a 
small  deflection  can  be  obtained  on  a  galvanometer  by  a  steady 
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cnirent,  this  deflection  might  be  greatly  increased  if  the  cunent 
which  prodaced  it  were  allowed  to  flow  and  aocomnlate  in  a  condenser, 
the  latter  being  then  discharged  through  the  galvanometer.  Now 
from  equation  [C],  page  89,  we  have 

a  ^  2irQ 
b      AT' 

Let,  then,  the  current  A  be  caused  by  an  electromotive  force  E 
between  the  terminals  of  the  galvanometer;  also  let  F  be  the 
electrostatic  capacity,  in  farads,  of  a  condenser  charged  by  the 
electromotive  force  E,  then  we  have 

Q  =  E  P,    and    A  =  - , 

g 

g  being  the  resistance  of  the  galvanometer. 
Therefore 

9 

Let  us  suppose  the  resistance  of  the  galvanometer  referred  to  in 
the  example,  page  90,  to  be,  say,  5000**,  then 

a  ^  2  X  8 -1416  ^  p  ^  ^^^^  ^  \bfi(i(i  F,  approximately. 

If  the  capacity  of  the  condenser  be  in  microfarads  doooooo  ^^^)> 
then 

a  ^  _i5,000/  ^  /   approximately. 
b      1,000,000      70'    ^^  ^ 

That  is  to  say,  the  capacity  of  the  condenser  required  in  order 
that  the  throw  deflection,  a,  produced  by  a  condenser  discharge,  may 
be  not  less  than  the  steady  deflection  ^,  produced  by  the  direct  action 
of  the  current,  would  have  to  be  not  less  than  70  microfarads.  To 
make  the  throw  deflection  larger  than  the  steady  deflection,  the 
capacity  of  the  condenser  would  have  to  be  correspondingly  larger. 

FiGXJSE  OF  Mebit  of  Galvanohstebs. 

97.  The  '^  figure  of  merit "  of  any  galvanometer  is  the  strength  of 
current  which  will  produce  one  division  or  degree  of  deflection.  In 
order  to  find  this  current,  we  have  simply  to  join  up  the  galvanometer 
in  drcuit  with  a  battery  of  a  known  electromotive  force,  and  a  re- 
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aistanoe  of  a  known  value,  and  then  note  the  deflection  obtained ; 
from  this  we  can  easily  calcolate  the  cnirent  reqoired  to  produce 
1  d^ree  of  deflection  ;  thus,  for  example,  if  we  had  a  tangent  gal- 
vanometer which  gave  a  deflection  of  50""  with  a  lO-cell  Daniel  battery, 
ihat  is,  with  an  electromotive  force  of  10  volts,  approximately,  there 
being  in  circuit  a  total  resistance  of  1000*,  then  the  current  produc- 
ing this  deflection  would  be 

=  '01  ampere. 


1000 


The  current  which  would  be  required  to  produce  a  deflection  of  1° 
would  obviously  be 

tan  1°  -0175 

■^^  ^  tan  50^  "  '^^  ^    n98  "  '^^^^^^  ampere; 

which  is  consequently  the  figure  of  merit  of  the  instrument. 

In  the  case  of  a  Kelvin  galvanometer,  we  have  simply  to  divide 
the  current  by  the  deflection  obtained  with  die  latter,  since  the 
deflections  are  approximately  in  direct  proportion  to  the  currents 
producing  them. 

If  we  require  to  determine  the  figure  of  merit  of  a  galvano- 
meter whose  deflections  throughout  the  scale  are  not  proportionate  to 
any  ordinary  function  of  the  d^rees  of  those  deflections,  then  it 
is  best  to  employ  a  sufficiently  low  electromotive  force  and  high 
resistance  in  circuit  to  obtain  a  few  degrees  of  deflection  only,  and 
then  to  divide  the  current  by  this  number  of  d^rees  ;  for  on  every 
galvanometer  the  flrst  few  degrees  of  deflection  are  almost  exactly 
proportional  to  the  currents  producing  them,  although  the  higher 
deflections  are  not  so. 

The  "figure  of  merit"  of  a  galvanometer  has  a  considerable 
bearing  upon  the  question  of  the  degree  of  accuracy  with  which 
it  is  possible  to  make  electrical  measurements,  as  wiU  be  seen  here- 
after. 

SBNSiriYBNESS  OF  OaLVANOMETEBS. 

98.  A  galvanometer  with  a  high  "figure  of  merit,''  that  is,  a 
galvanometer  whose  needle  will  defiect  from  zero  with  a  very  weak 
current,  is  not  necessarily  a  highly  sensitive  instrument ;  by  a  sensitive 
galvanometer  is  meant  one  whose  needle  when  deflected  under  the 
influence  of  a  current  unll  change  its  deflection  perceptibly  with  a  very 
sUght  change  in  the  current  strength. 

H  2 
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In  inan^  teetfl  it  is  far  more  important  that  a  galr&nometa 
of  great  seDSitivenese  shoold  be  nsed,  than  one  with  a  high  fignre 
of  merit.  As  a  rale,  it  is  rarely  that  an  instmment  whose  needle  has 
a  eompasi  Bnapenaion,  or  is  pivoted,  is  highly  sensitive,  imlen  indeed 
the  pivoting  is  exceptionally  good.  Practically,  it  may  be  taken  that 
for  high  sensitiveneeB  the  needle  must  be  suspended  by  a  fine  fibre  bo 
that  its  movements  may  be  perfectly  free. 

99.  In  order  to  check  the  oedllatioas  of  the  galvanometer  needle 
when  the  latter  is  either  deflected  nnder  the  inflnenoe  of  a  cnrrent,  or 
when  it  recoils  after  the  current  is  taken  off,  Mr.  J.  (rott  aoggeets 
that  a  small  coil  of  wire  should  be  placed  under  the  galvanometer, 
in  circuit  with  a  small  battery  and  a  key,  the  coil  being  in  such 
a  podtion  that  when  a  curreiit  peases  through  it  a  defiection  of  die 
needle  is  produced  ;  by  a  proper  mauipnlation  (easily  acquired)  of 
the  key,  it  will  be  found  that  Uie  oBcillationa  of  the  needle  can, 
with  such  an  arrangement,  be 
ohe<^ed  in  a  few  seconds,  and 
mndt  time  (an  important  item 
in  some  tests)  saved. 

A  very  convenient  con- 
trivance of  this  kind  is  mana- 
factoied    by  Meesrs.    Nalder 

'*''^^^^n^^^^^==^^^   (Fig.  74)  which  can  be  placed 
in    any    convenient    position 
Pio,  74.  near   the    galvanometer.      A 

double  key  enables  the  current 
&om  a  battery  to  be  sent  through  the  coU  in  either  direction.  The 
key  is  so  arranged  that  when  either  lever  is  slightly  depressed,  the 
cnneut  from  the  battery  has  to  pass  through  a  resistance,  and  thos 
only  a  weak  cnrrent  flows ;  when,  however,  either  lever  is  depressed 
firmly,  then  the  reeistanoe  is  cut  out  of  circuit  and  the  full  cnnent 
flows.  This  arrangement  greatly  facilitates  the  process  of  checking 
the  oscillations,  and  altogether  is  a  most  useful  device. 


101 


CHAPTER  IV, 


SHUNTS. 


100.  In  makiiig  certain  measurements  it  is  sometimes  found  that, 
owing  to  the  sensitiveness  of  the  galvanometer,  it  is  impossible  to 
obtain  a  readable  deflection,  the  needle  being  deflected  up  to  the 
stops.  This  sensitiveness  may  be  reduced  by  the  insertion  of  a  shunt 
between  the  terminals  of  the  instru- 
ment. The  arrangement  is  shown 
by  Fig.  75. 

If  it  is  required  to  reduce  the 
strength  of  current  which  ordinarily 
passes  through  the  galvanometer  to 
any  proportional  part  of  that  current, 
we  must  calculate,  from  the  resist- 
ance of  the  galvanometer,  what  the 
resistance  of  the  shunt  should  be  to 
effect  that  purpose. 

Now,  if  we  call  G  the  current  pass- 
ing through  the  galvanometer  without  a  shunt,  then  on  introducing 
the  shunt,  C  will  divide  between  the  two  resistances,  the  greater 
portion  of  the  current  going  through  the  smaller  resistance,  and 
the  smaller  portion  through  the  greater.  Thus,  if  we  suppose  the 
total  current,  which  passes  from  one  terminal  of  the  galvanometer 

to  the  other,  to  consist  of  G  +  S  parts,  then  ^      ^i  ^^  ^'^^  P^^ts 


Fig.  75. 


G  +  S 


S 


will  go  through  the  shunt,  and  ^^ — -^  parts  through  the  galvano- 
meter ;  that  is  to  say,  the  current  going  through  the  shunt  will  be 


C 


_G_ 

G  +  S' 


and  the  current  going  through  the  galvanometer, 

S 


c 


G  +  S' 
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If,  in  this  last  quantity,  we  put  S  =  G,  then  current  going  through 
galvanometer  will  be 

Again,  if  we  m^e  8  =  ^ ,  current  going  through  galvanometer 

will  be 

G 

2 


Once  more,  if  S  be  made  equal  to  |,  current  going  through  galvano- 


G 
3 
meter  will  be 

G 

n        8        _C 
3 


FinaUy,  if  S  be  made  equal  to  -^ ,  then  current  going  through 
galvanometer  will  be 


Q 


p      n  -  1      ^  C 

G  +  -^--        ""^ 
n  -  1 

From  this  it  is  evident,  that  to  reduce  the  current  flowing 
through  the  galvanometer  to  its     th  part,  we  must  insert  a  shunt 

whose  resistance  is  — — -th  part  of  the  resistance  of  the  galvano- 

»  —  1 

meter. 

101.  In  many  galvanometers  three  shunts  are  provided,*  which 

enable  the  strength  of  current  flowing  through  the  same  to  be  reduced 

to  its  iVth,  rJirth,  or  t^^^  W^-    ^^m  what  has  been  said,  it  v?ill 

be  evident  that  ihe  resistances  of  the  shunts  necessary  to  produce 

these  results  will  have  to  be  respectively  the  ^th,  ^th,  and  -^l^^ 

part  of  the  resistance  of  the  galvanometer. 

♦  Page  67. 
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« 

We  are  thus  enabled  to  reduce  the  sensitiveiiess  of  the  galvano- 
meter to  any  one  of  these  three  proportions  we  wish. 

Multiplying  Power  of  Shunts. 

102.  Suppose  now,  in  making  a  measurement,  we  placed  a  re- 
sistance box  for  a  shunt  between  the  terminals  of  the  galvanometer, 
and  then  adjusted  it  until  we  obtained  a  convenient  deflection  for 
the  purpose  we  required ;  what  deflection  should  we  obtain  on  re- 
moving the  shunt?  Let  us  call  C,  as  before,  the  current  which 
passes  through  the  galvanometer  when  no  shunt  is  inserted,  and  let 
C^  be  the  current  which  flows  through  it  when  the  shunt  is  inserted, 
then  the  current  which  flows  through  the  shunt  will  be 

C  -Cj, 

Now  the  two  currents  will  flow  through  the  shunt  and  galvanometer 
in  the  inverse  proportion  of  their  resistances,  that  is, 

Ci  :  C  -  Ci  :  :  S  :  G, 
therefore 

G  +  S 


C  =  Ci  X 


s 


Or  expressed  in  words,  we  should  say  that  the  current  which  would 
flow  through  the  galvanometer  when  the  shunt  was  removed,  would 
be  Oalvanon^ej^+Jhunt  ^^^^  ^j^^  ^^^^^^^  ^,  ^^^  ^^^^^  ^^1^ 

Shunt 
flows  when  the  shunt  is  inserted.     This  proportion  is  called  the 
multiplying  power  of  the  shunt. 

Compensating  Resistances. 

108.  It  will  be  noticed  in  a  circuit  like  that  shown  by  Fig.  75 
(page  101),  that  when  a  shunt  having  a  resistance  equal  to  that  of  the 
galvanometer  is  introduced  between  the  terminals  of  the  latter,  it 
will  not  exactly  halve  the  current  passing  through  the  instrument. 
If  we  used  a  tangent  galvanometer,  we  should  find  that,  if  the  deflec- 
tion without  the  shunt  were  40  divisions  on  the  tangent  scale,  then 
the  introduction  of  the  shunt  would  not  bring  the  deflection  down 
to  20,  but  to  some  deflection  greater  than  20.  The  reason  is  that 
the  introduction  of  the  shunt  reduces  the  total  resistance  in  the 
battery  circuit,  and  consequently  increases  the  strength  of  the  current 
passing  out  of  the  battery.    It  is  this  increased  current  then,  which 
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splits  between  the  galvanometer  and  shunt,  and  not  the  original 
current.  If  it  is  required  to  make  up  for  this  decreased  resistance 
caused  by  the  introduction  of  the  shunt,  it  is  necessary  to  add  in  tiie 
battery  circuit  a  compensating  resistance  equal  in  value  to  the  amount 
by  which  the  original  resistance  has  been  reduced.  In  order  to 
obtain  this,  we  must  first  consider  the  law  of 

The  Joint  Resistance  of  Two  or  more  Parallel  Circuits. 

104.  If  we  have  several  wires  whose  resistances  are  Sj,  B^, 
B3.  .  .  .  respectively,  then  conductivity  being  the  inverse  or  re- 
ciprocal of  resistance,  their  conductivities  may  be  represented  by 

tr»  W-,  ^- .  .  .  .    Now  the  joint  conductivity  of  any  number  of  wires 

^1    ^   ^ 

is  simply  the  sum  of  their  respective  conductivities.    Thus  two  wires 

of  equal  conductivities,  when  joined  parallel  to  one  another,  will 

evidently  conduct  twice  as  well  as  one  of  them  ;  and  in  like  manner, 

three  wires  will  conduct  three  times  as  well  as  one.    Similarly,  two 

wires,  one  of  which  has  a  conductivity  of  2,  will,  when  combined 

with  one  which  has  a  conductivity  of  1,  produce  a  conductivity  of 

2  +  1,  or  8,  for  this  is  simply  the  same  as  joining  up  three  wires, 

each  having  a  conductivity  of  1 ;  and  so  with  any  number  of  wires. 

Therefore  the  joint  conductivity  of  the  several  resistances,  or  of 

the  multiple  arc,  as  the  combination  is  called,  will  be 

1         ^        ^ 

and  conductivity  being,  as  we  have  said,  the  reciprocal  of  resistance, 
the  resistance  of  the  wires  will  be  the  reciprocal  of  this  sum,  or 


1         ^2         ^8 


That  is  to  say,  the  joint  resistance  0/  any  number  of  wires  joined 
parallel  to  om  another  is  equal  to  the  reciprocal  of  the  sum  of  the 
reciprocals  of  their  respective  resistances. 

A  particular  case  of  these  combinations  is  that  of  the  joint  resist- 
ance of  two  resistances,  thus 


1 

xv^  K.^ 

1 

+ 

1 

R, 

Ri  +  Rj' 
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or,  the  joint  rmitanee  of  two  rtautancet  joined  paralld  to  one  another 
M  tgual  to  their  product  divided  by  their  sum. 

106.  Applying  the  foregoing  law,  the  reeistance  between  the 
terminalB  of  the  galvaaometer  before  the  tntrodQCtion  of  the 
Bhnnl  being  G,  that  on  the  introduction  of  the  shnnt  will  be 
^ — ^.     Or,  as  S  is  uBoallj  made  some  fractional  valne  of  G,  aay 

the    ■■  ■     th  part  (which  value  wonld  be  need  in  reducing  the 

senflitiveneas  of  the  galvanometer  to  -tb),  this  combined  resiBtanoe 

will  be 


G 


G  G 

,t  -  1  n  -  1  G 

M   -   1  «  -   1 

The  reaiatance  therefore  to  be  added  to  the  batteiy  circuit  will  be 
G  -  ^  =  G  ??-ZJ.  [2] 

For  example. 

It  was  required  to  reduce  the  sensitiveness  of  a  galvanometer, 
whose  resistance  was  100"  (G),  to  ^th.  What  should  be  the  re- 
sistance of  the  shunt  and  of  the  compensating  r 

Beeistance  of  shnnt 

-'««>■  5-h  -  S 

and  compensating  reeistance 


Fig.  76  shows  how  a  set  of  shunts  and  compensating 
Ksistancea  may  be  adapted  to  any  galvanometer ;  we 
will  consider  how  their  valnes  may  be  determined.  lo 

Let  S,  Si,  Sj,  be  the  shunts  which  can  be  connected  / 
to  the  galvanometer  by  inserting  plugs  at  A,  B,  or  C.  Fia.  76. 

Let  Tj,  Tj,  r„  be  the  compensating  resistances,  and  let 


^  r,  -  K,  p: 

H  r,  -  R,.  m 
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Now,  what  we  have  to  do,  is  to  find  what  values  of  S,  S^,  Sj,  and 
^i»  ^2i  ^h  ^^^  necessary,  so  that  when  a  plug  is  introdnoed  either  at 
A,  B,  or  C,  the  resistance  between  D  and  E  shall  always  be  the 
same,  whilst  the  necessary  portion  of  the  current  is  shunted  off  from 
the  galvanometer. 

Let  us  first  consider  the  shunt  S  and  the  compensating  resistance 
which,  in  this  case,  will  be  S|. 

When  the  shunts  and  compensating  resistances  are  not  in  use, 
the  resistance  in  circuit  is  of  course  G,  and  this  value  must  always  be 
preserved  between  D  and  E. 

Let  the  value  of  the  shunt  S  required  be  -th,  then  we  know 

(page  102)  that  the  resistance  of  S  necessary  to  give  this  is 

fl  -  l' 

and  from  [2]  (page  105)  that  the  value  of  B|  must  be 

Ri  =  6  "  "--.  [6] 

n 

We  next  have  to  consider  what  value  to  give  to  S^  and  R,. 

Let  it  be  required,  by  means  of  these  resistances,  to  reduce  the 

deflection  by  —  th,  then  the  value  to  be  given  to  S,  will  be 

Q       G  +  r, 

*       Hj  -  1 

to  solve  which  we  must  know  the  value  of  r^. 

Now  the  combined  resistance  of  the  shunt  and  6  +  r^  we  can  see 
from  [1]  (page  105)  is 

G  +  r, 

-^' 

therefore  the  value  required  to  be  given  to  B,,  in  order  to  preserve 
the  resistance  between  D  and  E  equal  to  0,  when  S^  is  connected, 
will  be 

=  6  -  ^-tli. 


or 


R.  =  G 


R.+^^G'h-Li;  [6] 
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but  from  [8]  and  [4]  (page  105),  and  [5]  (page  106) 

R,  +  r,  =  R,  =  G'L^;  [7] 

therefore,  subtracting  [7]  from  [6],  we  have 

!i  -  r,  =  G  (?L^^  -  Hl^)  =  Q  !h.zJ ; 

that  18, 

or 

r,^G     y\; 
n  (ni  -  1) 

coDseqnentlj  the  value  of  S^  will  be 


1  + 


n  -  n^ 


^  nj  -  1  n(n^  -  !)« 

In  like  manner  it  could  be  shown  that  the  resistance  necessary  to 
give  to  Sg  and  r^  +  r^  to  reduce  the  deflection  to  its  --th  part 
would  be 


^i 


and 


^  n(W2   -   1)2 

n(n2  -  1) 


or 


r   -a    n  -  n^     _ 
n(n3  -  1) 

FinaUj  we  have  from  [3]  and  [5]  (pages  105  and  106) 

n  =  Ri  -  (ri  +  r,)  =  G??^  -  (r,  +  r^. 

To  summarise,  then, 

1 


S  =  G 


n  -  1 


a  -  G  (^  "  ^)^i 

W  (Hi  -   1)2 
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and  for  anj  other  shont  S, 

ft  =  oi^-^il^,. 

^         n  (n,  -  1)2 
The  oompensating  resistances  between  the  shunts  will  be 

n(ni-l)' 

^         n{n^-l) 
and  also  we  have 

w,  -  1 
or 

**'  ="  ^^?"''^^  -  (n  +  r,  +  .  .  .  +  r,.,). 

The  last  resistance  fi  bejond  the  last  shont  will  be 

w  —  1 

r,  =»  G (^1  +  ^s  +  •  •  •  +  ^f)* 

n  ^ 

For  example. 

It  was  required  to  provide  a  galvanometer  with  iV^h,  t^^^  ^^^ 
T^th  shunts,  and   with  corresponding  compensating  resistances 
arranged  according  to  Fig.  76  (page  105).    What  should  be  their 
values  ? 
We  have 

n  =  1000,     Til  =  100,     nj  =  10 ; 
therefore 

n  -  1  =  999,    ni  -  1  =  99,  nj  -  1  ==  9. 

Then 

S  =  G^=Gx  -001001, 

Si   =    G  ,J,^^    "In^^nn   =  ^^    '010198, 

1000  X  99  X  99 

Sj  «  G  ^^11^  ^J-^  ^  =  G  X  •128838  ; 
^  1000  X  9  X  9 


1000  X  99 
,        r,  1000  -  10 


6  X  -0090909, 
G  X  -11; 


fj  =  G(-ll  -  -0090909)  -  G  X  -1009091  ; 


If  the  reaiBtanoe  of  the  galvanometer,  for  vhich  these  ahanto  and 

reaistances  are  to  be  provided,  is  6000",  then 

8   -  5000  X  -001001    =        5*005 

8i  =  5000  X  -010193    -      50-966 

8j  =  6000  X  -123883    -    616-655 

r,  -  5000  X  -0090909  =      45-455 


=  bOOO  > 
=  6000  > 


1009091  -    604-546 
689  =4445-000 


Fig.  7?  ahowB  in  plan,  and  Fig.  7$  in  general  view,  an  ordinal? 


Kelvin  galvanometer  shnnt  box  arranged  with  compenaatinglireBiB^ 
aDcee.laa  mannfadmred  by  JkleaerB.  Ifalder  Bros. 
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The  ping  hole  -,  when  it  has  a  plug  inserted  in  it,  connects  the 

top  left-hand  brass  IBldok  to  the  bottom  left-hand  block,  and  so  leaves 
the  galvanometer  connected  to  the  terminals  of  the  shunt  box  with- 
out any  additional  resistance  in  its  circuit.  The  connection  between 
these  brass  blocUs  is  shown  by  the  dotted  lines  in  Fig.  76  (page  105). 


t 


Admstmmt  of  Shunts. 

.106.  The  accurate  adjustment  of  ordinary  shunts  is  often  a  some- 
what troublesome  operation,  in  consequence  of  the  numerical  values 
of  the  resistances  of  which  the  shunts  are  composed  not  being  whole 
numbers  ;  thus,  supposing  the  resistance  of  the  galvanometer  to  be 
5000**,  then  the  resistance  of  the  i^th  shunt  would  have  to  be 
5000  -r  9,  or  555*56  ;  and,  practically,  this  could  not  be  adjusted  to 
a  greater  d^ree  of  accuracy  than  one  decimal  place.  Similarly,  the 
Y^th  shunt  should  have  a  resistance  of  5000  ^  99,  or  50*505,  and 
the  tM^^  b^^^  a  resistance  of  5000  -r-  999,  or  5*005,  both  of 
which  numbers  are  somewhat  awkward  to  adjust  to  exactly. 

Now  on  page  105  (equation   [1])  we  saw  that  the  combined 

resistance  of  the  galvanometer  and  its  shunt  was  — ,  consequently  to 

adjust  the  i^th  shunt  we  may  connect  it  to  its  galvanometer  ooil 
and  adjust  it  until  the  joint  resistance  of  the  two  becomes  equal  to 
5000  -r  10,  or  500**.  Similarly,  the  i^th  shunt  would  be  adjusted 
by  connecting  to  it  the  galvanometer  coil  and  adjusting  it  until  the 
joint  resistance  was  found  to  be  5000  4-  100,  or  50** ;  lastly,  in  like 
manner,  we  should  adjust  the  -p^^  shunt  until  the  combined 
resistance  of  the  two  became  5000  -r  1000,  or  5**. 


Aybton  and  Mathbb's  Univkesal  Shunt. 

107.  As  shown  by  Fig.  79,  let  the  galvanometer  be  connected 
across  its  terminals  by  a  resistance  r,  and  suppose,  first,  lead  1  to  be 
connected  to  the  pointy  at  the  end  of  r,  then  if  G  be  a  current  in 
lead  1,  this  current  will  divide  at  /?,  and  the  portion  C^,  passii^ 
through  the  galvanometer,  will  be 

r  +  g 
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If  now  the  end  of  lead  1  be  connected  to  any  pointy,  between 


Fig.  79. 


Fig.  80. 


the  ends  of  r  (Fig.  80),  then  the  corrent  O,,  passing  through  the 

galvanometer,  will  be 

b 


80  that 


0^  =  0 


0 


r  +  g 


C|  ^      r  +  g  _  r 
r  +  g 


or 


that  is,  the  multiplying  power  (§  102)  of  the  shunt  is 

r 
V 

a  ratio  which  as  it  does  not  contain  g,  the  resistance  of  the  gal- 
vanometer, is  independent  of  the  resistance  of  the  latter.  This  fact, 
then,  enables  a  shunt  box  to  be  constructed  which 
can  theoretically  be  used  with  any  galvanometer. 

To  practically  apply  the  principle,  the  shunt  box 
would  be  arranged  as  shown  by  Fig.  81 ;  the  total 
resistance  a  +  h  +  c  ■{•  d  being  any  convenient 
value,  and  h  +  c  +  d  being  i^th,  c  •¥  d  ^^Utiy  and 
d  xAvth,  of  a  +  &  +  c  +  rf ;  then,  Ha  +  h  +  c  +  d 
were  made,  for  example,  1000*,  a,  6,  c,  and  d  would 
have  the  following  values : — 

rf  =  1  (since  1  =  tM^^  of  1000) 

c  =  9  (since  9  +  1  =  10  =  yi^th  of  1000) 

ft  =  90  (since  90  +  9  4-  1  =  100  =  ^h  of  1000) 

a  =  900  (since  900  +  90  +  9  +  1  =  1000). 


Fio.  81. 


I 
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lOH.  As  stated,  this  arrangemeDt  of  ahunb  box  is  one  wtudi, 
theoreti  cully,  enables  the  latter  to  be  nsed  for  any  galvanometer,  that 
ifl  to  KBT,  for  example,  it  may  be  nsed  either  with  a  galvanom^er 
of  1",  or  with  a  galvanometer  of  10,000*'  reaifltance.  The  question 
then  iirisea,  is  there  any  particular  valne  which  it  is  advisable  to  give 
to  r  ?  Now,  the  normal  condition  of  the  galvanometer  is  when  the 
leads  !ire  connected  to  the  two  ends  of  the  shunting  reeistance,  and 
if  this  icsiBhince  is  low  it  will  obviously  have  the  effect  of  reduang 
the  figure  of  merit  (page  98)  of  the  instrument,  which  would  probably 
be  undeuirable.  On  the  other  hand,  if  r  is  made  high  compared  with 
ff,  then  when  lead  1  is  shifted  to  an  intermediate  point  on  r,  it  intro- 
duces u  hi^h  resistance  into  the  circuit  between  the  two  leads.  Thus, 
for  example,  if  g  were,  say,  100",  and  r,  say,  10,000"  ;  then,  when 
the  leads  are  connected  at  the  ends  of  r,  the  10,000"  will  only  reduce 
the  figure  of  merit  of  the  galvanometer  by  about  one  per  cent^ 
whilst  the  actual  resistance  between  the  leads  will  be  rather  less  tJian 
100"  (tliat  is,  100  combined  in  multiple  arc  with  10,000) ;  but  when 
lead  I  is  moved  along  r  to  the  position  at  whicl}  g  becomes  shnnted 
to  j^oth,  that  is  to  say,  to  the  position  at  which  b  (Fig.  80)  is  1000, 
then  thu  resistance  between  the  leads  becomes  incr^ised  from  rather 
less  than  100",  up  to 

1000  (9000  +  100)  _  g„,. 
1000  +  9000  -i-  100  ° 

If  r  is  10  times  ff,  then  the  resistance  between  the  leads  is  the 
same  whether  the  latter  are  connected  at  the  ends  of  r,  or  at  the 
intermediate  point  at  which  the  galvanometer  is  shunted  to  ^tb. 
With  nuch  a  shunt  the  figure  of  merit  of  the  instrument  would  be 
reduced  about  10  per  cent.,  an  insignificant  amount.  Lastly,  if  r 
han  a  resistance  less  than  10  times  ^,  then  the  resistance  between  the 
leads  n  hen  the  latter  are  connected  at  the  ^th  shunt  point,  will  be 
less  thun  the  resistance  obtained  when  the  leads  are  connected  at  the 
ends  of  r  (as  would  be  the  case  with  an  ordinary  set  of  shants),  but 
the  shunting  effect  of  r  commenoes  to  become  apparent  open  the 
figure  of  merit  of  the  galvanometer. 

Although,  therefore,  no  definite  rule  can  be  laid  down,  it  would 
probably  be  advisable  to  have  the  valne  of  r  about  10  times  the 
avcragi'  vitlue  of  the  resistanoes  of  the  galvanom^^rs  with  which  the 
shunt  1h  lively  to  be  used ;  that  is,  assuming  that  ^igth  is  the  highest 
simnt  thiit  the  box  is  arranged  for,  the  other  shnnts  being  as  usual 
-rJoth  aud  TiAnitli- 

101).   As  manufactured  by  Ueesrs.   Nalder  Bros^  the  AyrtoB- 
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Mather  ehiiat-boxee,  Fig.  82, 
are  arranged  with  ^rd,  -^th, 
^th,  T^ffth,  ^th  and  r4in*^ 
ehunba,  which  would  be  moet 
gaitable  for  gslTanometers 
having  an  aven^  reaiBtance 
3  times  the  v^ae  of  r. 

Fig.  83  ehowB  a  universal 
ahnnt  (mannfactmed  by  R.  W. 
Paul),  having  seven  molbiplying 
poveiB.  The  ahant  is  fitted 
with  a  galvanometer  ahort-ciT- 
cniling  key,  which  can  be  locked 
down,  and  with  a  10,000"  coil 
for  obtaining  Ha  galvanometer 
"  oonatant "  in  an  inanlation  teet 
by  direct  deflection  (Ohapter 
XV.). 

110.  The  special  advantage 
of  the  Ayrton-Uather  Bhunt' 
is  its  nse  for  D'Aieonval 
(page  72)  or  ballistic  (page 
86)  galvanometeTB,  in  which 
the  error  which  oocors  when 
ordinary  shante  are  employed, 
and  which  is  referred  to  in 
Chapter  XI.  (Correction  for 
Discharge     Deflections),     be-  Fio.  8B. 

comes  greatly  magnified  owing 

to  the  heavy  magnets  employed.  The  nse  of  a  conetant  resist- 
ance r  acrofls  the  terminals  of  the  instmmente  makes  the  path 
throogh  which  the  indnoed  corrent  dne  to  the  movement  of  the 
needle  drcnlates,  always  the  same,   and    entirely  gete  rid   of  the 


Sitllitan's  Uniybbsal  Shuitt. 

111.  For  use  with  his  well-known  galvanometer  (page  77),  Ur. 
Snllivan  has  designed  a  special  nniveraal  shont  of  the  Ayrton-Matber 
form,  in  which  he  applies  the  principle  of  the  Kelvin-Yarley  slide 
itsiBtances  (Chapter  YIII.),  wiUi  the  result  that  a  veiy  fine  degree 
of  subdivision  is  obtained. 
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The  otdinary  nniverw]  shnat  gives  only  a  limited  niimber  of 
ratios,  while  each  of  the  101  coils  of  1000"  each  in  the  Kelriu-Varley 
slide  is  only  aabdivisible  into  100  eqaal  parte. 

In  theSnlliTaD  shnnt,  11  coils  of  10,000"  each  are  employed,  and 
the  Bubdivision  is  carried  down  to  10";  a  very  wide  range  of  ratios  or 
multiplying  powers  is  consequenUy  attained. 

Fig.  84  shows  the  theoretical  connections  of  this  shont-box.  The 
actual  cunnections  are  made  by  means  of  sliding  contacts  over  the 


stnds  of  the  above  four  sets  of  coils,  No.  1  set  of  which  contains 
11  coils  of  10,000"  each,  No.  2,  11  coils  of  2000",  No.  S,  11  coils 
of  400",  and  No.  4, 10  coils  of  80"  each. 

Two  sliding  contact  springs  insulated  from  each  other  ride  over 
and  embrace  two  coils  of  Nob.  1,  2,  and  3  sets,  and  each  pair  of  ooih 
so  emtinuied  is  pennanently  in  parallel  with  all  the  coils  in  the  next 
lower  set.  No.  4  sliding  contact  is  a  single  one.  Thos  we  have 
derived  ciicoit  npon  derived  circnit,  the  function  and  the  action  being 
similar  to  that  of  a  vernier  on  a  scale,  only  that  the  sabdivisioa  is 
carried  farther,  as  each  10,000"  coil  can  be  Hobdivided  by  means  of 
the  second  set  of  coils  into  10  equal  parts,  by  means  of  a  t^uid  setof 
coils,  into  100  equal  parts,  and  finally  by  means  of  the  fourth  set  of 
coils  into  1000  equal  parte.  It  will  thus  be  seen  tiatb  this  shunt 
reads  10.000  differences  of  10"  each,  and  allows  of  the  flow  of  current 
through  the  galvanometer  being,  in  practice,  r^ulated  with  the 
greatest  d^ree  of  nicety. 


To  sscertain  the  ratio  or  mnltiplTing  power  of  aoy  shiuit  reading, 
it  is  aimply  Decessaiy  to  take  ita  reciprocftl  number,  the  ahanb  readings 
being  of  course  treated  ae  decimals.     Thns,  for  example,  a  Hhnnt 


wading  of  4564  would  be  '4554,  the  reciprocal  namber  of  which  is 
2'19587  i  or  the  ratio  of  the  readbg  to  10,000  is 
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This  shuDt  bos  can  also  very  conveniently  be  used  aa  a  propor- 
tiooal  bridge  in  resiBtaiiL*  meaBiireiuenta  (Chapter  ^'III.)  or  to  serve  ag 
the  resistances  in  the  KeJviii  electrostatic  capacity  test  (Chapter  XIII,). 

The  box  also  contains  an  independent  coil  of  lOdjOOO"  which 
forms  a  very  convenient  standard  for  the  comparison  of  high  reaiflt- 
ances  by  the  "direct  deflection"  metliod,  or  for  localiKing  faulta  in 
cables  by  the  "  fall  of  potential "  test. 

Figs.  85  and  86  show  two  forms  in  which  the  shunt  box  is  made. 
In  the  pattern  shown  by  Fig.  H6  (which  is  the  more  recent),  thf  coils 
are  of  specially-aged  mangaiiin,  ao  wound  and  treated  as  u>  W  im- 
pervious to  iiir,  moisture,  and  climatic  effects.  The  contitls  are 
perfect  and  durable  (platinum  and  gold),  and  are  protected  from  doat 
and  moisture  by  easily  removable  glass  covers. 


Rymeh-Jones'  Universal  Shunt.* 

112.  The  advantages  claimed  for  this  shunt  are,  fewer  rubbing 

contacts,  and  the  use  of  the  simple  formula       — ^  for  the  jiarallel 

resistance  of  the  shunt  and  galvanometer  resistance,  instead  of  the 
complex  formula  and  greater  number  of  rubbing  contacts  of  other 
forms  of  univei-Sid  shunt  ba-sed  on  the  Kelvin- Varlev  vernier  principle 
(Chapter  VIII.). 
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cRcurr 
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Fig.  88. 

Multiplying  power  of  shunt  =  — - —  . 

ft 

Besistanoe  in  galvanometer)  ^  [G  +  (10,000  -  n)]  n 
circuit  as  shunted         j  ~  IOOOO^GT         * 

The  general  principle  of  the  shunt  is  shown  by  Fig.  88,  the  actual 
arrangement  by  Fig.  87. 

The  slide  resistance  coils  on  the  left  hand  dial  (Fig.  87)  consist  of  99 
coils  of  100**  each,  with  one  sliding  contact  arm  a,  while,  by  way  of  a 
Temier  for  slight  alterations  of  the  multiplying  power  of  the  shunt, 
there  are,  at  both  ends  of  these  coils,  other  extension  resistances,  each 
extension  having  a  total  resistance  of  lOO'^.  These  extensions  have 
each  a  separate  sliding  contact,  both  being  actuated  by  the  same 
handle,  and  so  disposed  that  when  one  of  these  contact  arms  presses 
on  the  zero  stud,  the  other  arm  is  on  its  100  stud.  As  the  one  con- 
tact moves  from  0  towards  100  of  its  scale,  the  other  moves  from  100 
towards  0  by  equal  differences  of  resistance.  There  is,  therefore, 
always  a  total  resistance  of  10,000*^  between  the  contacts  b  and  e 
(between  which  the  galvanometer  terminals  are  connected),  while 
a  and  c  are  in  the  main  circuit. 

The  vernier  resistance  studs,  on  which  the  marked  contact  arm 
presses,  are  arranged  to  give  consecutive  multiplying  powers  of  2,  3, 
4,  5,  6,  7,  8,  9,  and  10  ten-thousandths ;  after  which  the  resistances 
increase  regularly  by  2  ten-thousandths  at  a  time.  The  first  ten- 
thousandth  multiplying  power  is  left  out,  as  it  is  not  required. 

Thousands  and  hundreds  are  read  off  the  left-hand  scale  at  a, 
and  tens  and  unUs  from  the  right-hand  scale  at  b.  Thus,  if  the 
shunt  reading  be,  say,  2,437,  the  24  is  indicated  by  the  pointer  a 
on  the  left,  and  37  by  the  marked  pointer  b  on  the  right  scale. 
The  multiplying  power  of  the  shunt  is  the  scale  reading  divided 
into  10,000,  i.e.  the  reciprocal  of  the  scale  reading  multiplied  by 
10,000  ;  so  that  any  multiplying  power  is  readily  obtained  by  reference 
to  a  book  of  tables  of  reciprocals. 
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1 

For  example : — 

1 

The  reciprocal  of  the  scale  reading  [»]  2,487  Ib  •  0004103  x 

10,000  =       4- 

1 

Do. 

do.                       10  „  -1 

X 

„      =1000- 

Do. 

do.                       50  „  -02 

X 

,.      =  200- 

Do. 

do.                     100  „  -01 

X 

n       =    100- 

Do. 

do.                     500  „    002 

X 

«      =     20- 

Do. 

do.                  1,000  H  '001 

X 

„    =    10- 

Do. 

do.                  5,000  „  -0002 

X 

.      =       2- 

Do. 

do.                10,000  „  -0001 

X 

n      =       1- 

In  every  case  n  is  the  fall  slide  reading  as  indicated  by  the  marked 
pointers,  a  and  b,  of  the  left-  and  right-hand  dials  respectively. 

Use  of  Shunts. 

118.  It  has  been  shown  in  a  previous  chapter  (page  51)  ihat  the 
deflections  on  the  scale  of  a  Kelvin  galvanometer,  except  when 
they  are  nearly  equal,  are  not  directly  proportional  to  the  current 
strengths  which  produce  them,  and  that  to  compare  them,  a  formula 
must  be  used.  If  we  wish  to  avoid  the  use  of  this  formula,  we  must 
adopt  some  method  of  avoiding  widely  different  deflections.  This 
we  can  do  by  using  a  variable  shunt  for  the  galvanometer,  and  with 
it  obtaining  either  equal,  or  nearly  equal,  deflections  for  all  measure- 
ments made  in  one  set  of  tests.  The  graduated  scale  of  any  gal- 
vanometer, it  should  be  recollected,  is  not  only  for  the  purpose  of 
enabling  the  strengths  of  two  or  more  currents  to  be  compared 
by  different  deflections,  but  is  also  for  the  purpose  of  enabling 
any  deflection  which  may  be  obtained,  to  be  reproduced  when 
required. 

114.  It  is  best  to  obtain  as  high  a  deflection  as  possible,  for  then 
not  only  will  a  slight  variation  from  the  correct  resistance  of  the 
shunt  produce  a  large  number  of  degrees  of  variation  from  the 
deflection  required  (S  84,  page  80),  but,  also,  a  higher  resistance 
being  required  for  the  shunt,  a  greater  range  of  adjustment  is  given 
to  it. 


Calibration  of  Oalvanomet&rs. 

115.  By  the  help  of  the  points  we  have  considered  we  can 
graduate  or  ealibraU  (page  50)  the  scale  of  a  galvanometer.  To  do 
this,  first  calculate  from  the  known  resistance  of  the  galvanometer 
the  resistance  of  shunts  required  to  reduce  the  amount  of  current 
passing  through  the  galvanometer  when  no  shunt  is  inaerted,  to 


/ 


SHUNTS. 

i)  ^9  !» it  ^^"i  ^^  amonnt  passing  when  a  shunt  is  inserted^  thv 
the  lesistanoe  of  the  shunts  necessary  to  reduce  the  current  to 

i>  i>  i>  i»  •   •   •   •  i;  th 
will,  as  we  have  shown,  be 

1»  srt  i>  t>  •    •    •    •  iTi^h 

of  the  resistance  of  the  galvanometer.  Now,  as  we  have  also  shown, 
the  in^rtion  of  shunts  reduces  the  resistance  of  the  circuit  in  which 
the  galvanometer  is  placed;  we  must  therefore  also  calculate  the 
resistances  necessary  to  be  placed  in  the  circuit  in  order  to  com- 
pensate for  the  reduction  of  resistance  which  takes  place  when  a 
shunt  is  inserted.    These  resistances  will  be  respectively 

i>  f  >  f »  i>  •    •    •    •  -jT"  ^ 

of  the  resistance  of  the  galvanometer. 

The  shunts  and  their  compensating  resistances  being  calculated, 
to  calibrate  the  galvanometer  we  proceed  as  follows : — 

The  galvanometer,  a  resistance  box,  and  a  battery  are  joined  up 
in  circuit.  The  \  shunt,  that  is,  the  shunt  equal  in  resistance  to  the 
galvanometer,  is  then  inserted,  together  with  the  corresponding 
compensating  resistance  in  the  resistance  box.  Sufficient  resistance 
is  now  added  in  the  latter  to  bring  the  deflection  down  to,  say  1** ; 
the  shunt  and  compensating  resistance  are  then  removed,  and  as  the 
resistance  in  circuit  is  the  same  as  before,  and  also  the  whole  of  the 
current  passing  in  the  circuit  now  passes  through  the  galvanometer, 
the  strength  of  current  affecting  it  is  exactly  double  that  which 
deflected  the  needle  originally ;  the  deflection  of  the  needle,  therefore, 
now  represents  a  strength  of  current  double  that  of  the  previous 
experiment.  We  next  insert  the  \  shunt  and  its  compensating 
resistance,  and  by  again  adjusting  the  resistance  coils,  obtain  a 
deflection  of  l"* ;  on  now  removing  the  shunt  and  compensating 
resistance  we  get  three  times  (he  strength  of  current  passing  through 
the  galvanometer;  the  deflection  obtained  therefore  will  represent 
that  strength,  and  so  by  inserting 

i,i,  .   .    .    .  ^th 

shunts  one  after  another,  and  repeating  the  process  described,  we  can 
get  die  deflections  corresponding  to  strengths  of  current  equal  to 
1,  2,  3,  4, ...  .  n,  and  the  scale  can  be  marked  correspondingly ; 
or  these  deflections  and  the  corresponding  currents  producing  them 
can  be  embodied  in  a  table,  so  that  by  referring  to  the  latter  we  can 
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at  once  see  the  relative  powers  of  varions  corrents  giving  different 
deviations  of  the  needle. 

116.  It  is  evident  that  if,  in  making  a  measurement,  we  want  to 
reduce  the  deflection  of  the  galvanometer  to  a  readable  value,  we  can 
do  so,  either  by  placing  a  large  resistance  in  the  circuit  of  the  instni- 
ment,  or  by  introducing  a  shunt  between  its  terminals.  It  is  possible 
also,  in  certain  cases,  to  produce  the  same  effect  by  connecting  a 
shunt  between  the  poles  of  the  battery,  but  this  is  not  sJways  advisable, 
as  it  interferes  with  the  constancy  of  the  latter. 

If  the  resistance  of  the  battery  and  galvanometer  in  a  simple  circuit 
be  very  high,  it  requires  a.  very  considerable  increase  of  resistance 
in  the  circuit  to  produce  an  alteration  in  the  deflection  of  the  galvano- 
meter needle,  whereas  just  the  reverse  is  the  case  if  a  shunt  be  used 
to  produce  that  effect.  This  fact  is  an  important  one,  as  it  has  a 
considerable  bearing  upon  the  accuracy  with  which  measurements  can 
be  made. 
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CHAPTER  V. 
MEASUREMENT  OF  GALVANOMETER  RESISTANCE. 

Half  Deflection  Method. 

117.  The  simplest  method  of  determining  the  resistance  of  a 
galvanometer  is  perhaps  the  one  given  on  page  5  (S  10).  In  this 
method  it  will  be  seen  that  the  galvanometer,  whose  resistance  (0) 
was  required,  was  joined  up  in  circuit  with  a  battery  of  very  low 
resistance,  and  having  obtained  a  certain  deflection  we  added  a 
resistance  B,  so  that  the  current  passing  in  the  circuit  became 
halved  in  strength ;  the  resistance  (G)  of  the  galvanometer  was  then 
equal  to  the  resistance  B. 

If  we  were  measuring  the  resistance  of  a  tangent  galvanometer, 
the  deflections  obtained  should  be  such  that  the  tangent  of  one 
deflection  is  half  the  tangent  of  the  other,  the  precaution  against 
having  the  deflections  too  high  or  too  low  being  duly  taken  (§  40, 
page  29). 

118.  In  measuring  the  resistance  of  an  ordinary  galvanometer 
by  this  method,  it  is  necessary  to  know  what  ratio  the  deflections 
bore  to  the  current  strengths  producing  them,  so  that  the  resistance 
may  be  adjusted  accordingly. 

A  convenient  arrangement  is  to  employ  a  tangent  galvanometer 
of  a  known  low  resistance  in  circuit  with  the  galvanometer  whose 
resistance  is  required,  and  to  take  the  readings  from  the  tangent 
galvanometer  ;  then  the  resistance  B  will  evidentiy  be  the  resistance 
of  the  two  galvanometers  together.  If,  then,  we  subtract  from  this 
result  the  known  resistance  of  the  tangent  galvanometer,  we  get  the 
resistance  we  desire  to  obtain.  If  we  have  not  a  tangent  galvano- 
meter at  hand,  and  if  moreover  we  cannot  tell  what  ratio  the 
deflections  bear  to  the  current  strengths  producing  them,  we  must  of 
course  employ  a  different  method  of  testing. 

119.  Another  method  given  on  page  5  (§  9)  consisted  in  joining 
up  the  galvanometer,  whose  resistance  (6)  was  required,  in  circuit 
with  a  resistance  p,  and  a  battery  of  very  low  resistance,  and 
having  obtained  a  certain  deflection,  to  increase  p  to  B,  so  that  the 
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current  passing  in  the  circoit  became  halved  (as  indicated  by  Uie 
galvanometer  deflection) ;  the  resistance  (O)  of  the  galvanometer  was 
then  given  bj  the  formula 

G  =  R  -  2p. 

For  exanqfU. 

With  a  tangent  galvanometer  whose  resistance  (G)  was  to  be 
determined,  and  a  battery  whose  resistance  was  very  small,  a 
deflection  of  SS**  was  obtained  with  a  resistance  of  10**  (p)  in  the 
resistance  box  ;  by  increasing  the  resistance  to  120"  (R)  the  deflection 
was  reduced  to  38^**  (tan  38^''  =  i  tan  58**)  ;  what  was  the  resistance 
of  the  galvanometer  ? 

G  =  120  -  2  X  10  =  100*. 

120.  In  the  foregoing,  and  indeed  in  all  tests,  it  is  important  to 
consider  what  resistances  and  battery  power  should  be  employed  to 
make  the  measurements,  so  that  the  greatest  possible  accuracy  may 
be  insured. 

If  we  employ  very  high  resistances  to  measure  a  low  resistance,  a 
considerable  alteration  in  the  former  will  produce  but  little  altera- 
tion in  the  current  flowing  through  the  galvanometer,  for  the  electro- 
motive force  being  constant,  this  current,  and  consequently  the 
galvanometer  deflection,  is  dependent  upon  the  total  resistance  in  the 
circuit,  and  an  alteration  of  several  units  in  a  large  total  practically 
leaves  its  value  the  same,  but  then  a  few  units  too  much  or  too  little 
inserted  in  a  formula  may  make  the  result  appear  very  much  greater 
or  less  than  its  true  value.  Thus,  in  the  test  we  have  been  con- 
sidering, suppose  the  battery  power  had  been  such  that  we  found  it 
necessary  to  have  the  resistance  p  =  2000",  and  that  to  halve  the 
deflection  we  found  it  necessary  to  increase  p  to  4100*  (R),  this  would 
make  the  resistance  of  the  galvanometer  to  be,  as  we  saw  before, 

G  =  4100  -  2  X  2000  =  100". 

Now,  practically,  if  the  resistance  R  had  been  made  4200**  the 
deflection  would  have  been  halved ;  whatever  difference  there  was, 
would  be  scarcely  appreciable. 

If  now  we  work  the  result  out  from  the  formula,  we  get 

6  =  4200  -  2  X  2000  =  200*, 

or  double  what  it  ought  to  be.    It  is  possible  indeed  that  the  error 
might  be  greater  than  this.    The  test,  in  fact,  would  be  quite  useless. 
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In  order  to  have  the  best  chance  of  aocnracy  we  should  make  the 
resistances  as  low  as  possible,  for  then  a  small  change  or  error  in  the 
latter  produces  the  greatest  increase  or  decrease  in  the  current,  and 
consequently  also  in  the  deflection  of  the  galvanometer  needle,  and, 
on  the  other  hand,  it  produces  the  smallest  error  in  the  value  of  0, 
when  the  latter  is  worked  out  from  the  formula. 

In  order  to  make  R  as  low  as  possible,  it  is  evident  that  we  must 
make  p  as  low  as  possible. 

121.  What  decree  o/aeottraoy  is  attainable  in  making  the  test?  This  is  depen- 
dent npon  the  "  total  possible  peroentage  of  enor  whioh  may  exist  in  the  second 
deflection "  (§  52,  page  48).  We  haye  then  to  consider  what  error  in  the  value 
of  G  the  total  error  in  the  second  deflection  will  cause. 

The  error  in  G  mnst  he  occasioned  by  the  yalne  of  R  being  obtained  incor- 
rectly, this  wrong  yalne  of  R  being  due  to  an  error  made  in  reading  the  magnitude 
of  the  second  deflection.    If  in  the  formula 

G  =  R-2p 

we  make  a  mistake  of,  aay,  \\  per  cent,  in  R,  then  the  resulting  percentage  error 

x',inG,willbeA'  =  A',^. 

Now  the  accuracy  with  which  we  can  adjust  R  is  directly  dependent  upon  the 
acouiBoy  with  which  we  can  adjust  (G  +  R),  for  the  latter  is  the  toiai  resistance 
in  the  circuit  of  the  galyanometer,  and  therefore  any  change  or  error  made  in  the 
value  of  the  galvanometer  deflection  (the  second  deflection)  must  be  in  direct 
proportion  to  the  change  or  error  made  in  (G  +  R) ;  consequently  if  we  are  liable 
to  make  an  error  of  y'  per  cent  in  the  value  of  the  second  deflection,  and  an  error 
of  X',  per  cent  in  R,  then  we  must  have 

y:x',::R:G  +  R, 

^,  _(G  +  R)y. 
but 


^  •  =        B 


V  =  A'.|.   or,    V,  =  X'|, 

and 

G  =  R  -  2p,    or,    R  =  G  +  2  p, 

therefore 

,G_2(G  +  p)y. 
^R R 

hence 

ForeaampU. 

In  measuring  the  resistance  of  the  galvanometer  in  the  example  given  on 
page  122,  it  was  known  that  the  **  total  possible  peroentage  of  error  (y)  which 
could  exist  in  the  second  deflection  "  could  not  exceed  1  '7  per  cent,  (Example  2, 
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A  siugle  oell  of  a  bntteiy  U  the  lowest  electromotive  forae  Uukt  cnu  be  pncti- 
calif  mupliiyed  in  mnking  tbe  le«t,  bat  we  m*;  find  that  this  one  imU  give*  too 
low  u  dr-Bedtion  with  tlie  loweit  Tulaa  we  can  ^ve  to  f,  that  U  0,  and  two  cdli 
bxi  liLgh  a  deflection;  we  ihoald  Iibtb,  thereforR,  to  emplo]' two  oelli  and  then 
incmiee  p  antil  tlie  proper  deflection  ii  obtained.  Now  on  pagea  122  and  123  it 
wag  poiTited  out  tliat  it  is  best  to  make  p  of  h  low  Taloe,  ao  that  the  deviation  of 
tlie  iieailefrom  it*  oorrect  pneition,  when  R  is  not  miTectlj  adjmted.  may  bew 
(Trent  an  pooslble ;  but  equation  [A]  (page  123),  which  reproient*  the  lalatlvB 
values  nfthe  enon  A' and  T*.  ftltbongh  it  ihowa  that  tbe  rrror  V  i*  amallMt  when 
p  is  as  email  aa  posnbie,  at  the  aame  time  Hhawa  that  wu  gala  but  little  bj  """^"g 
p  vrry  much  imalleT  than  G,  for  A'  ii  onlj  twice  ai  gtraX  when  p  =  0,  ai  it  i* 
*ben  p  =  Q. 

V22.  Practically  we  may  say  therefore  that  the 

Best  Conditiont  for  making  ths  T»at 

are,  to  make  p  a  fractional  valne  of  0  ;  and  in  the  case  of  a  tangent 
galvanometer  the  two  deflectione  obtained  ahoald  be  aa  nearly  as 
poBBibie  55°  and  S5j°  (§  43,  pages  81  and  33). 
Also  08  regards  the 

Possible  Degree  of  Aeturacy  aOainabh. 
If  we  can  determine  tbe  value  or  the  deflection  of  the  galvano- 
met«r  needle  to  an  accoiacy  of  y  per  cent.,  then  we  can  determine 

the  valae  of  G  to  an  accuracy  of  2  f  1  +  ^  )  y'  per  cent. 

If  p  is  very  small,  then 

V  -  2  /  ; 
BO  that  even  under  the  best  conditions  for  making  the  test,  the 
accuracy  with  which  the  value  of  0  could  be  determined  would  be 
only  one-half  of  the  accnracy  with  which  the  deflections  could  be 


128.  It  must  be  understood  that  the  reaistance  of  the  tasting 
buttery  can  only  be  neglected  when  it  forms  a  small  percentage  of 
the  total  resistance  in  its  circuit.  If,  then,  tbe  galvanometer  to  be 
measured  has  a  low  resistance,  inasmuch  aa  R  will  have  to  be  pro- 
portionately small,  the  battery  resistance  can  no  longer  be  ignored 
without  introducing  an  error ;  moreover,  if  R  is  made  small,  ita 
range  of  adjustment  becomes  very  limited.  The  teat,  therefore,  is 
not  suitable  for  measuring  galvanometers  whose  resistances  consist  of 
a  few  units  only. 
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Equal  Deflection  Method. 

124.  The  theory  of  this  method  is  as  follows: — ^The  galvano- 
meter whose  resistance  O  is  re- 
quired, a  resistance  p,  and  a  battery 
E  of  very  low  resistance  are  joined 
np  in  circuit,  as  shown  by  Fig.  87, 
a  shunt  S  being  between  the  ter- 
minals of  the  galvanometer ;  a  de- 
flection of  the  galvanometer  needle 
is  produced.  Let  C  be  the  current 
flowing  out  of  the  battery,  then 

E 


Fio.  89. 


C 


P  + 


G  +  8 


This  current  divides  into  two  parts,  one  part  going  through  S,  and 
the  other  part  through  the  galvanometer.  It  does  this  in  the  inverse 
proportion  of  the  resistance  of  those  circuits,  the  part,  C^,  going 
through  the  galvanometer  being 

CE  ..      S  ES 

1  = 


srr 


G  +  S      &(0t  +  p)  +  0tp' 


The  shunt  S  is  now  removed;  this  causes  the  deflection  of  the 
galvanometer  needle  to  be  increased,  p  is  now  increased  to  B,  so 
that  the  deflection  becomes  the  same  as  it  was  previous  to  the  re- 
moval of  the  shunt,  or  in  other  words,  so  that  the  strength  of  the 
current  passing  through  the  galvanometer  is  C|,  then 


Ci  = 


'E 
R  +  G' 


therefore 


ES 


E 


S(G  +  p)  +  Gp      R  +  G 


By  dividing  both  sides  by  E  and  multiplying  up,  we  get 

SR  +  GS«GS  +  Sp  +  Gp; 


therefore 
from  which 


Gp  =  SR  —  8p, 

0  =  8?-:^. 
p 
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For  example. 

A  galvanometer  whose  resistance  (G)  was  required,  was  joined  up 
in  circuit  with  a  resistance  of  200*  (p),  a  shunt  of  lO*  (S)  being 
between  the  terminals  of  the  galvanometer. 

On  removing  the  shunt,  it  was  necessary  in  order  to  reduce  the 
increased  deflection  to  what  it  was  originally,  to  increase  p  to  2200"  (B). 
What  was  the  resistance  of  the  galvanometer  ? 

G  =  LO  ??50jl^  »  100-. 
200 

125.  In  making  this  test  practically,  we  should  proceed  thus  ^- 
Join  up  the  instruments,  as  shown  by  Fig.  90,  taking  care  that  the 
two  infinity  plugs  are  firm  in  their  places.    Plug  up  the  three  holes 


j=i^ 


Fio.  90. 


hetween  B  and  C,  and  remove  the  necessary  plugs  between  D  and  B. 
Next  remove  plugs  from  between  D  and  E,  so  as  to  introduce  the 
resistance  p.  On  the  right-hand  key  being  depressed  the  deflection 
of  the  galvanometer  needle  is  obtained.  The  galvanometer  should 
be  gently  tapped  with  the  finger  in  order  to  see  that  the  needle  is 
properly  deflected  and  is  not  sticking,  as  it  is  very  liable  to  do, 
especially  when  a  compass  suspended  needle  is  used. 

The  oscillations  of  the  needle  may  be  arrested  by  a  skilful 
manipulation  of  the  key :  slightly  raising  it  when  the  needle  swings 
under  the  influence  of  the  current,  and  again  depressing  it  when 
it  recoils. 

The  needle  being  steadily  deflected,  and  the  precise  resistance  {p) 
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in  the  box  noted,  the  left-hand  infinity  plug  mnst  be  removed,  and 
the  resistance  between  D  and  E  increased  until  the  deflection  becomes 
the  same  as  it  was  at  first,  and  the  resistance  (B)  being  noted,  the 
formula  is  worked  out. 

126.  What  are  the  best  values  of  S  and  p  to  employ  in  making 
a  test  like  this  ?  Should  we  make  S  and  p  of  low,  high,  or  medium 
values? 

The  answer  to  these  queries  has  an  important  bearing  upon  the 
accuracy  with  which  the  test  can  be  made ;  and  as  we  shall  more 
than  once  have  to  consider  questions  of  a  similar  kind,  we  shall  in 
the  present  instance  enter  at  some  length  into  the  problem. 

There  are  two  quantities  whose  values  we  have  to  determine,  viz. 
S  and  p;  let  us  first  consider  what  S  should  be,  supposing  E  to  be  a 
given  quantity  and  p  to  vary  along  with  S. 

If  we  examine  the  formula  we  shall  see  that  if  we  make  S  small, 
tiien  an  error  of  one  or  two  units  in  the  correct  value  of  R  will  make 
a  much  greater  difference  in  the  formula  than  would  be  the  case  when 
there  is  the  same  number  of  units  of  difference  with  S  large ;  thus, 
to  take  a  numerical  example,  suppose  we  had  the  following  values  in 
the  formula: — 

G  =  5^20zA0^120-, 
20  ' 

and  suppose  we  made  R  120  units  too  large,  we  should  have 

G  =  5  5?^-ZA0  =  150-; 
20 

or  an  error  of  150  -  120  =  80*».  Next  let  us  suppose  we  had  the 
following  values : 

q^^3q500_-_400^j20-, 
400 

« 
and  as  before  let  there  be  an  error  of  120  units  in  R,  we  then  have 

G  =  480l?5_Z^  =  264«; 

400 

or  an  error  of  264  -  120  =  144*",  and  if  S  and  p  had  been  higher 
stall,  we  should  have  seen  that  the  error  would  have  been  still 
greater. 
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To  put  the  case  in  another  way ;  in  the  last  example  let  us 
suppose  the  error  in  B  had  been,  not  120  nnits,  bat  25  units ;  that 
is,  make  £  =  500  +  25  =  525  ;  we  then  find  that 

The  error  in  G,  in  fact,  in  the  former  case,  where  B  was  120  nnits 
too  large,  was  no  greater  than  it  was  in  the  latter  case,  when  the 
excess  in  the  correct  value  of  B  was  but  25  units.  From  this  it 
must  be  evident  that  it  is  highly  advantageous  to  make  S  as  smaU 
as  possible.  Let  us,  however,  put  the  matter  in  algebraical  form : 
thus,  let  X  be  the  error  in  G,  and  let  ^  be  the  excess  in  the  value  of 
B  which  causes  this  error,  and  then  we  have 

• 

p  p  p 

and 

therefore  by  subtraction 

%      ^        SB  B 

From  this  we  see  that  with  a  constant  error  ^  made  in  B,  the  corre- 
sponding constant  error  X,  made  in  G,  will  be  as  small  as  possible 
when  S  is  very  small,  as  indeed  we  before  proved ;  but  we  also  see 
that  we  gain  but  little  by  making  S  a  very  small  fractional  value  of 
G,  for  the  error  would  be  only  twice  as  great  with  S  «  G  as  it  would 
beif  S  were  very  nearly  =  0.  It  would  not  do,  however,  to  make  8 
greater  than  G,  f  or  G  +  8  increases  very  rapidly  by  increasing  S. 
Practically,  therefore,  we  may  say — ^make  8  a  fractional  value  of  G. 

We  have  next  to  determine  what  is  the  best  value  to  give  to  /», 
supposing  8  to  be  a  fixed  quantity.    ' 

Now  if  we  put  the  equation 

G«S^"^ 
P 

in  the  form 
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we  can  see  that  whatever  valae  p  has,  B  will  have  an  exactly  pro- 
portional corresponding  value;  thus  to  take  the  example  we  first 
had,  viz. : 

Q^^500-20^^/500,^\ 
20  \  20         / 

if  in  making  the  test  we  had  made  p  =  2  x  20  =  40,  instead  of  20, 
then  the  value  to  which  R  would  have  required  to  have  been  ad- 
justed would  have  been  2  x  500  =  1000,  instead  of  500.  Further, 
if  £  had  had  this  value,  then  an  error  of  20  units  in  B  would  have  pro- 
duced the  same  error  in  Gr  as  would  the  10  units  in  the  first  case, 
when  B  was  500.  At  first  sight,  then,  it  might  appear  that  it  would 
not  matter  what  value  we  gave  to  p.  Let  us,  however,  consider  in 
what  way  the  adjustment  of  B  is  effected. 

The  means  by  which  we  adjust  B  is  by  observing  the  deflection  of 
the  galvanometer  needle,  and  seeing  whether  we  have  brought  it  to 
the  deflection  it  had  when  p  and  S  were  the  resistances  in  the  circuit ; 
when  this  deflection  is  correct,  we  know  that  B  is  correct.  But  the 
accuracy  with  which  we  can  adjust  B  evidently  depends  upon  the 
divergence  of  the  needle  from  its  correct  position  being  as  large  as 
possible  when  B  is  not  exactly  adjusted,  and  if  this  divergence  is 
greater  when  we  alter  B  from  1000  to  1020  ohms  than  when  we  alter 
it  from  500  to  510  ohms,  then  it  is  better  so  to  arrange  the  value  of 
P  that  B  shall  be  1000  ohms. 

Or  in  other  words,  if  the  error  in  B,  corresponding  to  a  constant 
error  in  G,  produces  a  greater  divergence  of  the  needle  from  its 
correct  position  when  B  is  large  than  when  it  is  small,  then  it  is 
better  to  have  B  large  than  small. 

Now  the  current  C  producing  the  deflection  of  the  galvano- 
meter needle  is 

C=      ^ 


B  +  G' 

and  if  we  suppose  there  to  be  a  diminution  -  c,  in  C,  caused  by  an 
error  <^,  in  B,  then  we  have 

^-"'■R  +  ^  +  G'' 

or 

n  E 

''  =  ^-R  +  *  +  G' 
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but  we  know  that 

C=      ^ 


therefore 


C  = 


R  +  G      R  +  ^  +  G""(R  +  ^  +  G)(R  +  G)* 
or,  since  ^  is  very  small, 

(R  +  G)2  • 

c,  however,  represents  the  absolute  change  from  the  correct  current, 
and  as  the  latter  is  itself  varied  by  the  value  of  R,  what  we  require 
to  know  is  the  relative  change ;  this  will  be 

c 

which  equals 

£  ^  £2  iff 


(R  +  G)«  '^  R  +  G  ~  R  +  fi" 


[A] 


But  from  page  128  we  see  that  the  constant  error  A,  caused  in  G  by 
an  error  ^  in  R,  is 

.  _  <^  (G  +  S) 
^■"~    R"    ' 
or 

^      G  +  S' 

snbetitnting,  then,  this  valne  of  ^,  we  get 

e  KB.  \ 


C-(G  +  S)(R  +  G)-((j^g)^j^Gy 


[B] 


From  this  equation  we  see  that  in  order  to  make  c  as  large  as 
possible,  we  must  make  R  as  large  as  possible;  but  it  is  evident 
that  we  increase  c  very  little  by  making  R  much  lai^er  than  G,  for 
the  reason  we  gave  when  we  determined  the  ratio  which  S  should 
have  to  G. 

We  do  not  gain,  then,  anything  as  regards  the  sensitiveness  of 
the  arrangement  by  making  R  very  large,  but  we  gain  as  r^ards  our 
power  of  adjusting  R,  for  we  can  adjust  a  resistance  with  a  much 
closer  degree  of  accuracy  when  it  consists  of  a  large  number  than 
when  it  consists  of  a  small  number  of  units. 

It  is  therefore  advantageous  to  make  R  as  large  as  possible. 


I 
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Since  when  S,  G,  and  p  are  given  values,  B  must  have  a  value 
dependent  upon  them,  and  since  we  have  determined  the  value  we 
must  give  to  S,  it  follows  that  the  value  we  should  give  to  p  must  be 
such  that  E  will  be  as  large  as  possible. 

As  we  cannot  make  B  larger  than  the  I'esistahce  we  can  insert  in 
the  resistance  box,  we  must  not  make  p  so  large  that  B  will  have  to 
exceed  that  value. 


From  the  equation 


we  see  that 


G  =  s?^:i^ 


S     p 


Theoretically,  therefore,  we  must  not  make  p  larger  than  the  value 
we  can  give  to  ^ — -  B. 

The  highest  resistance  we  can  practically  give  to  B  is  10,000** ; 

a 

Pj  therefore,  must  not  be  larger  than  ^ =  x  10,000".    Thus,  if  we 

use  a  shunt  whose  resistance  is  ^th  the  resistance  of  the  galvano- 
meter, we  must  not  make  p  larger  than  yV^h  of  10,000,  that 
is,  1000". 

Equation  [A]  shows  that  the  value  of  c  is  dependent  upon  the 
value  of  S,  and  that  to  make  c  large  we  should  make  S  small.  We 
previously  proved,  however,  that  there  was  another  reason  why  S 
should  be  small,  consequently  we  have  a  double  reason  why  S  should 
have  a  low  value. 

127.  What  degree  ofaceuraey  is  attainable  in  making  the  test?  This,  as  in 
the  last  test,  is  dependent  upon  the  yalue  of  the  deflection  error.  We  have,  in 
faet,  to  consider  what  error  iu  the  value  of  G  a  definite  error  in  reading  the 
deflection  of  the  galvanometer  needle  will  cause. 

This  we  can  determine  from  equation  [B]  (page  130).  Let  us,  then,  in  this 
equation  substitute  percentage$  for  absolute  values,  that  ia  to  say,  let  us  have 


and 


then  we  get 


that  is  to  say, 


e=   "y    ofC,    or,  ^=y- 

100      '0     100 


100      100  (G  +  S)  (E  +  G) 


^'  =  0  +  g)0  +  b)>'  tc] 


K  2 
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Far  example. 

In  meaBuiing  the  retistance  of  the  galvanometer  in  the  example  given  on  page 
126,  it  was  known  that  the  poesible  error  y'  in  the  onrrent,  dne  to  the  defleetioD 
being  inoorreot,  would  not  exoeed  '88  per  cent  (Example,  page  48.)  What 
would  be  the  percentage  of  accuracy  (x')  with  which  the  value  of  G  could  be 
determined  ? 

X'  =  (l  +  ^)  (l  +  M  \  -88  =  -96  per  cent. 
\        100/  V        2200/  *^ 

128.  The  practical  results,  then,  that  we  have  arrived  at  through 
these  investigations  are,  that  to  obtain  the 

Beat  GondUions  for  making  the  Test  : 

First  make  a  rough  test  to  ascertain  approximately  the  value  of  G. 
Having  done  this,  insert  a  shunt  (S)  between  the  terminals  of  G,  of 
a  fractional  value  of  the  resistance  of  G. 

Next  join  up  p  in  circuit  with  G  and  its  shunt  S,  making  p  as 

large  afi  possible,  but  not  larger  than ^  R ;  B  being  the  highest 

resistance  that  can  be  obtained. 

Insert  in  the  circuit  sufficient  battery  power  of  low  resistance  to 
bring  the  deflection  of  the  galvanometer  needle  as  nearly  as  possible 
to  the  angle  of  maximum  sensitiveness  (page  29),  adjusting  p,  if 
necessary,  so  that  this  angular  deflection  becomes  exact,  and  note  the 
exact  value  of  p. 

Now  remove  the  shunt  and  increase  p  to  E,  so  that  the  increased 
deflection  becomes  the  same  as  it  was  at  first.  Note  R,  and  then 
calculate  G  from  the  formula. 

Possible  Degree  of  Accuracy  attaindbU, 

If  we  can  determine  the  value  of  the  galvanometer  deflection  to 
an  accuracy  of  y'  per  cent.,  then  we  can  determine  the  value  of  (J  to 
an  accuracy  (A')  of 

^'  =  (^  +  i)  i}  "^  s)  ^'  p^"^  •*"'• 

If  S  is  very  small,  and  R  very  large,  then 

so  that  under  the  best  conditions  for  making  the  test,  the  accuracy 
with  which  the  value  of  G  could  be  determined  would  be  the  same 
as  the  accuracy  with  which  the  value  of  the  deflection  could  be 
observed. 
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129.  In  the  practical  execution  of  the  test,  inasmuch  as  there  are 
only  three  resistances  between  D  and  B  (Fig.  88),  the  choice  of  a 
shunt  is  limited  from  this  source,  but  these  three  will  usually  be 
sufficient  for  most  purposes. 

130.  The  method  we  have  described  of  making  the  test  may  be 
modified  by  making  S  or  p  the  adjustable  resistances  instead  of  B, 
but  in  either  of  these  cases  it  can  be  shown,  by  an  investigation  pre- 
cisely similar  to  the  one  we  have  made,  that  the  proper  values  of  the 
resistances  should  be  those  we  have  indicated. 

The  test  could  also  be  simplified  by  making  S  =  p,  in  this  case 
we  get 

G  =  S?^-  =K  -S; 

such  an  arrangement,  however,  would  not  give  the  conditions  for 
obtaining  maximum  accuracy. 

Fahib's  Method. 

131.  If  in  the  last  test  we  make  S  the  adjustable  resistance,  and 
make  B  =  2  p,  we  get 

P  P 

that  is,  the  resistance  of  the  shunt  will  be  the  resistance  of  the 
galvanometer. 

132.  The  connections  for  making  the  test  with  the  set  of  resist- 
ances shown  by  Fig.  88  would  have  to  be  so  arranged  that  the 
resistances  between  D  and  E  form  the  shunt,  and  those  between 
D  and  C  the  resistances  p  and  R.  This  arrangement,  however,  in 
consequence  of  there  being  so  few  plugs  between  D  and  C,  is  not  a 
satisfactory  one,  as  some  difficulty  would  probably  be  found  in 
adjusting  the  battery  power  and  resistance  E  so  as  to  obtain  the 
defection  of  maximum  sensitiveness.  With  two  sets  of  resistance 
coils,  however,  the  test  can  easily  be  made. 

As  in  the  previous  method,  it  is  best  to  make  the  resistance  E  as 
high  as  possible,  for  then  any  small  change  in  the  value  of  S  produces 
the  greatest  movement  of  the  galvanometer  needle. 

The  possible  degree  of  accuracy  attainable  is  the  same  as  in  the  last 
test. 

133.  In  order  that  satisfactory  results  may  be  obtained  in  the 
foregoing  tests,  it  is  necessary  that  the  galvanometer  be  a  sensitive 
one  (page  99),  otherwise  even  a  moderate  degree  of  accuracy  can- 
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not  be  assured.  It  is  also  very  advantageous  to  arrange  the  reaist- 
anc5e8  in  connection  with  a  special  form  of  key,  K,  as  shown  by 
Fig.  91 ;  this  key  on  being  depressed  comes  in  contact  with  a  spring  h 

and  then  on  being  further  depressed 
brings  I  into  contact  with  a  contact 
stop  connected  between  the  junction 
of  the  resistances  p  and  a.  Thus  the 
action  of  the  key  is  to  insert  the 
shunt  S,  and  at  the  same  time  to 
reduce  R  to  p  by  short-circuiting  a ; 
in  practically  making  the  test,  there- 
fore, what  we  have  to  do  is  to  adjust 
S  until  the  deflection  remains  the 


Fio.  91. 


same  whether  the  key  is  quite  up  or  quite  down. 

Kelvin's  Method. 

184.  Join  up  the  galvanometer  g  with  resistances  a,  b,  and  d^  and 
a  battery  of  electromotive  force  E  and  resistance  r,  afi  shown  by 
Fig.  90,  and  let  a  key  be  inserted  between  the  points  B  and  B,  so 
that  by  its  depression  these  points  can  be  connected  together. 


First,  let  us  suppose  the  key  to  be  up  and  the  points  consequently 
disconnected.  The  current  (C{)  flowing  through  the  galvanometer 
will  then  be 

E  a  +  h 


Ci  = 


y,  _^{a  -^  b){d  +  g)      a  +  b  +  d  +  g 
a  +  b  +  d  +  g 

'E(a  +  b) 

r(a  +  b  +  d  +  g)  +  (a  +  b){d  +  g)' 


[1] 
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Next,  suppose  the  key  to  be  depressed,  and  the  points  E  and  B 
thereby  to  be  connected  together,  then  the  current  (C^)  flowing 
through  the  galvanometer  will  be 

CE  a 

bd     .     ag        a+g 


r  + 


E  fl  (i  +  ^ 


^:r.'      [2] 


r  (a  +  ^)  (i  +  ^  +  a^  (*  +  e^  +  J  <^  (a  +  ^) 

Further,  let  us  suppose  the  adjustment  of  the  resistances  to  be  such 
that 

we  then  get 

B(a+&) 


r  (a  +  J  +  (?  +  ^)  +  (fl  +  ft)  (<^  +  ^) 


E«(ft  +  eO .     ^3-| 


r  [a,  ■\-  g^{J)  -^^  d)  ■\-  a  g  ij:)  -^^  d)  ■\-  h  d{a  -^^  gY 

by  multiplying  up  and  arranging  the  quantities  we  get 

T\{sk  +  h  +  ^)(ft  +  ^a  +  hg{}>  +  <^)]  +  hg{a  +  ft)rf+  [rf(ft  +  ^) 
+  ft^]  (a  +  V)a  =  r\^{a  +  ft  +  ^)  (ft  +  ^o  +  orf(ft  +  ^]  +  ad 
(a  +  ft)(?  +  [rf(ft  +  ^)  +  ft  ^]  (a  +  ft)  a ; 
therefore 

ft^[r(ft +  rf)  +  (fl  +  ft)rf]  =arf[r(ft  +  ^  +  (a  +  2^)^]; 
that  is, 

ad=bg,    or,    ^  =  ?-_. 

A  great  advantage  of  this  test  is  the  fact  of  its  being  entirely 
independent  of  the  battery  resistance.  It  is  also  very  easily  made, 
as  must  be  evident. 

*  The  troth  of  this  proportion  foUows  at  onoe  from  the  principle  of  the 
Wbeatstone  Bridge  (Chapter  VIII.>  For  if  the  points  E  and  B  on  beine  con- 
nected together  by  a  galvanometer  show  no  deflection  on  the  latter,  then  by  the 
bridge  principle 

ad 

«'  =  T- 

Bnt  if  no  deflection  is  produced  on  joining  £  and  B  by  a  galyanometer,  i.e.  if 
there  i»  no  tendency  for  a  current  to  flow  Mtween  E  and  B,  then  the  joining  of 
thcM  points  cannot  afiect  the  currents  in  the  other  branches,  a,  &,  dj  or  g,  that  is 
to  say,  oan  produce  no  alteration  in  the  movement  of  the  needle  of  g,  hence  the 
absence  of  this  movement,  on  depressing  the  key,  indicates  that  there  is  no  ten- 
dency for  a  current  to  flow  between  E  and  B,  ie.  that  the  above  proportion  holds 
good 
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In  carrying  ont  the  test  practically,  the  connections  would  be 
made  as  shown  by  Pig.  98.  The  terminals  E  and  Bi  would  be  joined 
by  a  short  piece  of  thick  wire.    The  other  connections  are  obvious. 


Pig.  98. 

The  left-hand  key  (which  is  not  shown  in  the  theoretical  figure) 
being  first  depressed  and  then  kept  permanently  down,  the  right- 
hand  key  must  be  alternately  depressed  and  raised,  the  resistance  dy 
that  is,  the  resistance  between  A  and  E,  being  at  the  same  time 
adjusted  until  the  deflection  of  the  galvanometer  needle  remains  the 
same  whether  the  key  is  up  or  down. 

135.  We  will  now  determine  the  best  arrangements  of  resistances  for  making 
the  test.    What  we  have  to  do  is  to  suppose  that  in  the  equation 

ad 

there  is  a  small  but  constant  error  in  g,  caused  by  a  corresponding  error  in  one  of 
the  other  quantities,  let  us  say  d^  and  then  find  what  values  of  d  and  say,  o^  will 
cause  the  alteration  of  the  deflection  of  the  galvanometer  needle  produced  on 
raising  and  depressing  the  key,  to  be  as  large  as  possible. 

Let  \  be  the  difference  between  the  exact  value  of  g  and  the  value  given  it  by 
the  formula  when  we  have  d  too  large,  and  let  the  increased  value  of  d  be  (2|. 

We  then  have 

?  +  A  =  -^': 

therefore 

adi  =^  hg  +  h\. 

We  next  have  to  determine  what  the  alteration  in  the  strength  of  current 
passing  through  the  galvanometer,  produced  by  raising  and  depressing  the  key, 
is  equal  to. 

If  in  either  equation  [1]  or  equation  [2]  (pp.  134, 135)  we  put  bg  equal  to  ad, 

or  b  equal  to  —    ,  then  the  resulting  equation  will  give  the  current  0,  which 

9 
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would  flow  throngh  the  galvanometer  when  the  adjostment  is  exact ;  hy  doing 
this  we  get 

Ea 


C  = 


r(<?  +  a)4-a(d  + j^) 


When  the  adjustment  is  not  exact,  the  currents  produced  on  raising  and  de- 
pressing the  key  will  be  obtained  by  equations  [1]  and  [2]  (pp.  134, 135),  and  the 
difference  between  these  two  currents  relative  to  the  current  produced  when  exact 
equilibrium  is  obtained  will  give  the  relative  current  producing  the  alteration  in 
the  deflection  of  the  galvanometer  needle ;  hence  we  find 

C«  -  Ci  - 
0      "" 

r(g  +  d)  +  a{d  +  g)i aQii  +  h) 

a  \  r(di  4-  b)(g  +  a)  +  d,  6(^  +  a)  •{•ga{di  +  b) 

6+  g 1  _ 

"  r(d,  +g  +  b  +  a)  +  {d^  +  g)ib  +  a)/  ~ 

(a d,  -  6 g)  { r (d,  +  6)  +  d,  (b  +  a) }  { r  (a  +  g)  +  a(d  +  g)  } 


«{r(di  +  flf  +  6  +  a)  +  (di+g)C6+a)}{r(d,+6)(p+a)  +  d,6(y+a)+9a(d,+6)}' 

bat  sinoe  ad,  is  very  nearly  equal  to  bg^  we  may  without  sensible  error  put 

•ad,  =  ad  =  &g,  or  6  =— ,  except  where  differences  are  C4)ncemed;  in  which 

9 
4sa8e  we  get 

C,-C,  ^j?(ad, -6sf)    . 
C  o(a  +  sf)(d  i-g)* 

sskd  sinoe  ad,  =  &a  +  &  A,  and^  =  — ,  we  get 

a       0 

c  —  c 

From  this  it  is  evident  that,  in  order  to  make    *        '  as  large  as  possible, 

C 

-we  must  make  d  as  large,  and  a  as  small,  as  possible.    It  is  evident  also  that,  as 

C  ^  C 
regards  increasing    '     — 1,  it  is  useless  making  d  very  much  larger,  or  a  very 

C 
mnch  smaller,  than  g.    If  we  make  d  abcmt  ten  times  as  large,  and  a  ten  times 
Aft  small,  as  g,  we  shall  have  good  conditions  for  ensuring  accuracy,  though  as 
regards  our  power  of  adjustment,  it  would  be  advantageous  to  make  d  larger 
jrtill,  if  possible. 

From  the  equation 

bg  =  ad 

we  see  that  g  being  a  fixed  quantity,  and  a  as  small  as  possible,  we  can  make  d 
as  large  as  we  like  by  making  b  as  large  as  possible. 

136.  It  may  be  pointed  out,  that  when  a  is  small  and  d  and  b  large,  we  have 
the  battery  connecting  the  junction  of  the  two  greater  with  the  junction  of  the 
two  lesser  resistances. 

137.  What  degree  of  aeeuracy  is  attainable  in  making  the  test?  This  we  can 
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determine  from  equation  [A].    Let  ns  then,  in  the  Utter,  snbstitnte  percentages 
for  aheciuie  yalnee,  that  Ib,  let 

C,-C.  =  ^ofO.   or.  Cl-C.=^. 


and  let 


then  we  get 


that  is. 


100      ^ 


^"^      100(a  +  i^)(l  +  |y 


^'-('^di'^-^y 


For  eoDampU. 


In  measuring  the  resBtanoe  of  a  galvanometer  by  the  foregoing  method,  the 
values  of  a,  &,  and  d  were  10*",  100^  and  800^  respectively.  What  was  the 
resistanoe  of  the  galvanometer,  and  whkt  was  the  possible  degree  of  aocuiacy 
attainable  ?  The  smallest  ohange  in  the  value  of  the  galvanometer  deflection 
which  it  was  possible  to  observe  *  was  *  88  per  cent.  (§  52,  page  48). 

10x»00_ 
""      100     -*»"^- 

To  sum  up,  we  have 


Beat  Conditions  for  making  the  Test. 

188.  Make  a  not  greater  than  -ji^th  of  g,  and  make  b  not  less  than 
ten  times  as  great  as  g^  and  preferably  as  much  higher  than  g  a» 
possible,  but  not  of  such  a  high  value  that  d,  when  exactly  adjusted, 
has  to  exceed  all  the  resistance  we  can  insert  between  D  and  K 
(Fig.  93,  page  136). 

Adjust  d  approximately,  and  then  if  necessary  adjust  the  battery 
power,  so  that  the  final  deflection  is  as  nearly  as  possible  that  of 
maximum  sensitiveness,  and  then,  having  exactly  adjusted  df,  calculate 
g  from  the  formula. 

*  This  is  synonymous  with  **  the  degree  of  accuracy  with  which  the  value  of 
the  galvanometer  deflection  can  be  read  "  (page  48). 
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Possible  Degree  of  Accuracy  attainable. 

If  we  can  read  the  galvanometer  deflection  to  an  accuracy  of  y 
per  cent.,  then  we  can  determine  the  value  of  g  to  an  accuracy  (X)  of 

X'  =  ^1  +  9^  (i  +  f^y  per  cent. 
If  a  is  small  and  d  large,  then  we  get 

X'  =  y, 

so  that  under  the  best  conditions  for  making  the  test,  the  accuracy 
with  which  the  value  of  Gr  could  be  determined  would  be  the  same 
accuracy  with  which  the  value  of  a  change  in  the  deflection  could  be 
observed. 

139.  In  the  practical  execution  of  the  test  with  the  set  of  resist- 
ance coils  shown  by  Fig.  91  (page  134),  the  lowest  value  we  could 
give  to  a  would  be  10  units,  unless  we  improvised  a  resistance  of  less 
value,  which  it  might  be  necessary  to  do. 

Kelvin's  Method  with  a  Slide  Wire  Resistance. 

140.  The  foregoing  test  is  sometimes  made  by  having  a  +  ^,  a 
slide  wire  resistance  (§  27,  page  Id)  d  being  a  fixed  resistance ;  in 
this  case  the  slide  would  be  moved  along  between  A  and  0,  until  the 
point  is  found  at  which  the  depression  and  raising  of  the  key  makes 
no  alteration  in  the  permanent  deflection  of  the  galvanometer  needle. 

As  in  the  equation 

ad 

f  is  merely  the  ratio  of  the  resistances  into  which  the  total  resistance 
o 

a  +  &  is  divided,  and  as  the  resistances  are  directly  proportional  to 

the  lengths  of  the  wire  on  either  side  of  the  slide,  it  is  sufficient  for 

a  and  ^  to  be  expressed  in  terms  of  the  divisions  into  which  the 

length  of  wire  is  divided. 

Now  as  the  total  length,  k^  of  the  slide  wire  is  constant,  that  is, 

as 

a  +  b  =  k,    or,    b  =  k  -  a, 

therefore  we  must  have 
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Jc  is  usually  divided  into  1000  divisions,  hence 

^        VlOOO  -  aJ 
For  example. 

In  the  foregoing  test,  equilibrium  waa  produced  when  d  was  1**,  and 
^l,  450  divisions  ;  what  was  the  resistance  of  the  galvanometer  ? 


VlOOO  -  450/ 


550 


141.  The  beU  condittomfar  making  the  te$l  in  the  caae  where  a  slide  wire  is 
QBed,  are  generally  similar  to  those  in  the  previous  case,  that  is  to  say,  we  should 
require  to  have  a  small  and  d  large. 

Now,  the  total  resistance  ofa  +  b  in  the  case  of  a  slide  wire  would,  under 
most  conditions  met  with  in  actual  practice,  be  small  compared  with  g ;  conse- 
quently a  would  be  small  also.  For  this  reason,  therefore,  it  would  not  signify 
what  were  the  relative  values  of  a  and  h  in  making  the  test  But  in  order  to 
make  d  large,  it  lb  obvious  that  a  must  be  small  compared  with  b ;  thus,  if  d  is 
to  bo  10  times  g,  then  b  must  be  10  times  a.  In  the  first  case,  when  the  test  waa 
made  by  adjusting  d,  it  was  pointed  out  that  although  there  is  an  advantage  in 
making  d  as  large  as  possible,  in  so  far  that  by  so  doing  the  range  of  adjustment 
is  made  large,  yet  as  regardd  the  general  sensitiv«*nes8  of  the  whole  arrangement, 
there  is  little,  if  any,  advantage  in  making  d  greater  than  about  10  times  g.  In 
the  case  of  the  slide  wire,  where  d  is  not  the  adjustable  resistance,  there  is  an 
actual  disadvantage  in  making  d  excessively  htrge,  for  tiie  reason  that,  if  we  do  so, 
we  make  a  correspondingly  smaller  than  6,  and,  when  this  is  the  case,  the  error 

in  g  (when  worked  out  by  the  formula  g  =j)  produced  by  the  value  of  a  being, 

say,  1  scale  division  out,  becomes  comparatively  large.  Thus,  if  the  slide  wire 
scale  were  graduated  into  1000  divisions  (which  is  usuaUy  the  case),  it  is  dear 
that  if  the  slider  stood  at,  say,  the  *M0  "  division  mark  on  the  scale,  then  an 
alteration  or  a  mistake  of  1  division  would  mean  a  change  of  10  per  cent,  in  the 
value  of  a,  whilst  if  the  slider  stood  at  **  100,"  then  a  change  of  1  division  would 
only  mean  a  1  per  cent,  change  in  the  value  of  a.  The  change  in  a  correspond- 
ing to  a  movement  of  1  division  would  obviously  be  less  if  the  slider  were  near 
the  centre  of  the  scale,  that  is,  near  the  ^  500  **  division  mark,  but  in  this  case  the 
increase  in  the  range  of  adjustment  would  be  rendered  ineffective  by  the  reduced 
sensitiveness  of  the  arrangement. 

The  poseible  degree  of  accuracy  aUainahle  in  making  the  test  would  be  as 
foUows : — 

Let  there  be  an  error  A  in  9,  caused  by  the  slider  being  5  divisions  out  of 
correct  adjustment,  then  we  have 

^■^^  =  <iooo":^aVa)) 

or,    A  =  d(        ^+»--   ]^g  =  d[.       ^+-' «_1 

\l000-(a4-J)/      ^         LlOOO-(o  +  «)       1000 -aJ 

_     d 1000  a 
(loOO  -  a)«* 
since  8  is  very  small. 
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If  wo  put  percentages  instead  of  absolute  Talaes,  that  is  to  say,  if  we  haye 


then  we  get 


1 000008  ^.^_* 
A'  =  — -— r  per  cent. 

a  (1000  — o)*^ 


If  the  galTanometer  is  sufficiently  sensitiTe  to  enable  the  position  of  the  slider 
to  be  determined  to  an  aocnracy  of  1  division,  then  5=1. 


For  eocample. 

In  the  last  example,  what  would  be  the  degree  of  accuracy,  \\  with  which  the- 
▼alne  o(g  could  be  obtained,  supposing  that  the  position  of  the  slider  could  be 
determined  to  an  occuracy  of  1  division  (8)  ? 

,  _      100000  X  1        _  . .«  . 

^  ~  450(1000-450)  -    *"  P^'  "^"^ 

142.  The  facility  and  accuracy  with  which  all  the  foregoing  tests 
(except  the  half  deflection  test)  can  be  made,  may  be  greatly  increased 
by  the  following  device :  Instead  of  making  the  test  with  the  gal- 
vanometer needle  brought  to  the  angle  of  maximum  sensitiveness 
(page  20),  make  it  with  the  needle  brought  approximately  to  zero  by 
means  of  a  powerful  permanent  magnet  set  near  the  instrument. 
Under  these  conditions  the  galvanometer  needle  will  be  highly 
sensitive  to  any  small  change  in  the  current  strength. 

143.  In  the  case  of  Kelvin's  test  with  the  slide  wire,  if  the  test 
is  made  by  using  a  permanent  magnet  in  the  manner  described,  it  is- 
best  to  make  d  of  a  higher  value  than  would  otherwise  be  the 
case  :  for  then,  since  the  slider  would  have  to  be  set  near  the  centre 
of  the  wire,  a  greater  range  of  adjustment  is  given  to  it,  for  5  divisions 
near  the  centre  portion  of  the  wire  (500  division  mark)  are  equivalent 
to  only  1  division  near  the  100  division  mark.  It  is  true  that  the 
arrangement  is  not  quite  so  sensitive  as  when  the  slider  has  to  be  set 
towards  the  end  of  the  scale  ;  but  still  if  sufficient  sensitiveness  be 
obtained,  the  small  loss  is  more  than  compensated  for  by  the  advan- 
tage gained  in  having  an  increased  range  on  the  scale. 

144.  In  order  that  satisfactory  results  may  be  obtained  in  the 
foregoing  tests,  it  is  necessary  that  the  galvanometer  be  "  sensitive  '^ 
(page  99),  otherwise  even  a  moderate  degree  of  accuracy  cannot  be 
assured. 
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Diminished  Deflection  Dibegt  Method. 

145.  This  method,  which  has  been  generally  described  in  Chapter  I. 
(§  6,  page  4),  is  as  follows : — The  galvanometer  6,  a  battery  of  low 
resistance,  and  a  resistance  p,  are  joined  np  in  simple  circnit ;  the 
deflection  obtained  is  noted.  Let  this  deflection  be  due  to  a  cnrrent 
Gj,  then  calling  E  the  electromotive  force  of  the  battery,  we  have 

Ci=  ^^,    or,   GCi  +  pCi  =  B. 

The  resistance  p  is  now  increased  to  R,  so  that  a  new  deflection 
dne  to  a  cnrrent  C^  ^  produced ;  then  we  have 


hence 

or 

therefore 


Cg  =  qA_j^,    or,    GC^  +  RCs  =  E  ; 

GCi  +pCi  =  GC2  +  RC2, 
C^(Ci  -C2)  =  RC2-  pCi, 

n  _  R  ^2_Z_P  ^\ 


[A] 


In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and  ^, 
are  read  from  the  tangent  scale,  then  those  deflections  can  be  directly 
substituted  for  the  quantities  Cj,  Cg,  for 

D:J::Ci:C2; 
in  this  case,  then,  we  have 

G  =  %-^.  [B] 

(1.)  For  example,    • 

With  a  tangent  galvanometer,  whose  resistance  G  was  required,  and 
a  battery  of  very  small  resistance,  we  obtained  with  a  resistance  of 
10"  (/>)  in  the  circuit,  a  deflection  of  60  divisions  (D)  on  the  tangent 
scale  of  the  instrument ;  when  the  resistance  was  increased  to  280"^  (R) 
the  deflection  was  reduced  to  20  divisions  {d)  ;  what  was  the  resistance 
of  the  galvanometer  ? 

n  ^  280  X  20  -  10  X  60    ^  .q^« 
60  -  20 

If  the  readings  are  made  from  the  degrees  scale,  then  we  must 


MEASUREMENT   OF  GALVANOMETER  RESISTANCE.  143 

snbstitate  the  tangents  of  the  deflections  for  the  deflections  them- 
selves ;  the  formula  then  becomes 

C  -  ?J??  <r  --  ptan  D'  Pp-, 

"  "ten  D^'^^lSTtT"  •  '-^-' 

(2.)  For  example. 

In  a  measnrement  similar  to  the  foregoing,  the  readings  were 
made  from  the  degrees  scale  of  the  instrument,  and  deflections  of 
50"  (D**)  and  21}"*  ((T)  respectively  were  obtained  with  resistances  of 
10*  (p)  and  229**  (K)  in  the  circuit.  What  was  the  resistence  of  the 
galvanometer  ? 

tan  50°  =  1-1918,  ton  2  If'  =  -8990, 

therefore 

n  ^  229  X  '3990  -  10  x  1'1918  ^  .q^« 

1-1918  -  -8990 

146.  If  in  equations  [B]  (page  142)  and  [C]  we  have  p  =  0,  that 
is  to  say,  if  we  make  the  test  by  having  at  first  no  resistence  in 
the  circuit  except  that  of  the  galvanometer  itself,  then  we  get 

^  =  ^  D^rf  ^^ 

and 

a  =  B^       ten^°  :[B] 

ten  D    -  ten  ^  "-   -^ 

147.  What  are  the  htd  wnditwM  for  making  the  tettf  and,  what  is  the 
pouibU  degree  of  aeewraey  aUairuMe  f  There  are  two  pointa  to  be  considered 
in  the  first  qaeetion ;  one  is — what  value  should  p  have  ?  and  the  other — ^what 
should  be  the  relative  values  of  Gj  and  O,  ? 

Now  we  are  liable  to  make  an  error  in  reading  the  value  of  Gj,  or  an  error  in 
reading  the  value  of  Gj,  or  again,  we  may  make  errors  both  in  G|  and  G,,  but 
inasmuch  as  the  result  of  two  errors  would,  of  course,  be  greater  than  one  only, 
it  is  advisable  to  make  the  test  under  cooditions  which  ensure  the  effect  of  the 
double  error  being  as  small  as  possible.  Let  us,  therefore,  in  equation  [A] 
(page  142)  suppose  that  there  is  a  smaU  error,  Cj,  in  G,,  and  a  small  error,  c„  in  G„ 
the  error  e^  being  plus  and  c,  minus,  so  that  the  resulting  total  error  in  6  is  as 
great  as  possible ;  also  let  A  be  this  total  error,  that  is,  let  us  have 

G  4-  \  =  R(C,+  c,)-p(G,-0 
(Cj  -  c)  -  (G,  +  0,)  ' 

R(G3+c,)-p(G,--oO_^. 
(0.  -  o\)  -  (G,  +  c,) 

but 

O^BG.-pC,           x>,(C,-Ga)G+pG, 
T^ P~  '  P * 
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If  we  insert  tbis  valae  of  R  in  the  above  equation,  and  multiply  up,  cancel, 
etc,  then  we  get 

C,  C  (Cr-  «i)  -  (C,  +  0,)  ]  ^^  **•  ''^  • 
or,  since  c^  and  c,  are  very  small,  we  may  say 

From  this  equation  we  can  see  that  if  Gi  and  G,  have  fixed  values,  then  X  varies 
directly  as  G  +  p,  consequently  in  order  to  make  A  as  small  as  possible,  we  most 
make  p  as  small  as  possible ;  but  we  can  also  see  that  there  is  no  great  advantage 
in  making  p  very  much  smaller  than  G. 

We  have  next  to  consider  what  the  relative  values  of  G,  and  G,  should  be,  p 
being  taken  as  constant.  In  order  to  do  this,  we  must  assume  G,  to  be  constant, 
and  then  determine  what  value  G,  should  liave.  We  have  then  in  equation  [FJ 
to  find  what  value  of  G«  makes  \  as  small  as  possible ;  to  do  this  we  require  to 
make 

Gi  Oj  +  Cj  0| 

C,(G,-C,) 

as  small  as  possible  by  variation  of  G,. 
Now 

O,c,  +  Coc,  ^   fi,  rfi  -  G,      C,(<c  +  1)  1 

C«(Ci-T,)        C,  L      C,      ^    G,-G,^*^^J' 

where  ic  =  ^ ;  and  since  ^  is  constant,  what  we  have  to  do  is  to  make 

as  small  as  possible. 
Now 

and  in  order  to  make  the  latter  as  small  as  possible  we  must  make  1  —  »  *  "^  ^ 
as  small  as  possible,  that  is  to  say,  we  must  make  it  equal  to  0,  therefore 

1-     (.^(.     =0,    or,    Ci -G2  =  G,V«  +  1, 
from  which  we  get 

C,  (V  K  +  1  +  1)  =  G„    or,    C^  =  -r-S' [G] 

«      Vic+I  +  1  -^ 

The  greatest  possible  value  which  \  could  have  would  be  that  which  would 
result  when  both  the  errors  c,  and  Cj  existed,  these  two  errors  being  of  equal 
value,  or  rather  c,  being  as  large  as  c^.  If  the  deflections  are  read  in  divitiont 
then  c,  and  c,  would  be  equal ;  but  if  the  deflections  are  read  in  degreei,  then  cl 
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will  be  laiger  than  o,  in  piepartion  as  0,  is  smaller  than  Gf.    In  the  oase  where 
the  greatest  possible  error  can  exist,  that  is,  when  o,  =  Cj,  or  jc  =  1,  then  we  have 

C  __  c, 0, 

•■"VT+l""  2-4142* 

Practically  we  may  make 

for  although  this  does  not  give  the  exact  minimam  valae  to  A,  yet  the  difference 
between  it  and  the  actnal  minimum  is  very  small;  thus  if 


0.= 


_   c, 


2  •4142' 


then  from  equation  [F]  we  get 


A  =  c     />       y    ^'^^^p      ,  (G  +  p)  =  ^5-828(G  +  p): 
^1     IP.  —     '-'11  ^1 


2*4142 


\   *      2 ■4142/ 


bntif 


then 


C  -0, 


0  +^ 
A  =  e,rrT^ Irr  (G  +  p)  =  ^16000(G  +  p)  ; 


w^'"'"'-"' 


that  is  to  say,  the  errors  would  be  as 

6-000  to  5-828, 

a  difference  which  is  of  no  practical  importance. 

If  the  readings  were  made  from  the  degrees  scale  of  a  tangent  galvanometer, 
then  the  error  C]  wonld  be  larger  than  the  error  «„  in  which  case  it  would  be 

actually  an  advantage  to  make  Gf  equal  to  ^  in  preference  to  making  it  equal  to 

P 
oTiko  *  ^™'  ^  ^1  were,  say,  3  times  as  large  as  c„  then  the  best  value  to  give  to 

C,  would  be 

Q  _.  Ci Ci 

"     VF+l  +  1       3  ' 

The  rule  that  Cg  should  approximately  equal  ^  may  therefore  be  taken  as  the 

o 

one  which  would  enable  satisfactory  results  to  be  obtained  under  all  conditions. 

If  the  deflections,  D  d,  are  read  in  divisionsy  then  we  must  have 

approximately.    But  if  the  deflections  are  in  degreetf  and  we  read  from  a  tangent 

L 
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galvanometer,  then  we  must  haye 

^^tanD- 
3 

approximately. 

148.  We  haTe  next  to  oonrider  what  ia  the  poidbU  degree  of  aeemraeff  aUaii^ 
dtHe  when  p  and  G  have  any  particular  yalnee;  this  we  oan  aeoertain  item. 
equation  [F]  (page  144).  Let  us  then,  in  this  equation,  put  percentages  for  abso- 
lute Taluee,  that  ia  to  say,  let  us  have 

X  =  -^ofG,    or,    x'  =  l^, 
100  Q    • 

then  we  get 

If  the  defleotions  are  read  in  dtvittoiif ,  then  the  errors  in  both  must  be  at  the 
same  absolute  Talues ;  let  each  of  these  Talues  be  -th  of  a  diyision,  then  we  most 
hare 


V.,=(D  +  d)100/^  .    p\  pT, 

^  -     d(D-d)     V^q)'  ^-^J 


For  example. 

In  example  (1)  (page  142)  what  would  be  the  degree  of  accuracy  with  which 
the  test  could  be  made  ?  The  deflections  could  be  read  to  an  accuracy  of  }  of  a 
division. 

20(60-20)    \    ^300/  V^^  ^ 

If  the  deflections  are  read  in  degrees  from  a  tangent  galvanometer,  then  we  most 
have 

^,  ^  (tanjpo  >,  +  tan  d^  8,)  100 / ^       p\ 

tan  d°  (tan  D°  -  tan  d^)    \    "^  q^  P«^  "«"*• 

vrhere  Sj  and  8,  are  of  the  respective  values 

8i  =  tanD^°-tanD°,   and,    8,  =  tan d ^°  -  tan d^ 
-  being  the  possible  enor  in  the  deflections. 

For  example. 

In  example  (2)  (page  143)  what  would  be  the  degree  of  accuracy  with  which 
the  test  could  be  made  ?    The  deflections  could  be  read  to  an  accuracy  of  J^. 

«,  =  tan  50J°  -  tan  50°  =  -0106, 
and 

«,  =  tan  22°  -  tan  21}°  =  -0050 ; 
therefore 

y  _,  (11918  X  -0050  +  -3990  x  '0106)  100  /^        10  \  . 

•3990  (1-1918  -  -8990)  \    ^  iOO/  -  ^  ^  P®^  ^^^ 

To  sum  up,  then,  we  have 
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Best  Conditions  for  making  the  Test. 

149.  Make  p  as  small  as  possible. 

Make  B  of  such  a  value  that  when  the  deflections,  D,  d^  are  in 
divisions^  then 

8 

approximately ;  and  when  the  deflections  are  in  degrees  on  a  tangent 

galvanometer,  then 

.      JO      tan  D° 
tand^  = 

8 
approximately. 

Possible  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions,  and  if  we  can  read  their  value 
to  an  accuracy  of  ^th  of  a  division,  then  we  can  determine  the  valae 
of  G  to  an  accuracy,  A.',  of 


'  -  %F^°  0  *  S)  ^  -^ 


If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then  if  we 
can  read  their  value  to  an  accuracy  of  ^th  of  a  degree,  we  can  deter- 
mine  the  value  of  G  to  an  accuracy,  X',  of 

^,  ^  (tan  D°  8,  +  tan  ^  8,)  100  /         P^^^cent 
^  -    tantr(tanD^-tanO    1/ +  (jj  P^^  ^^*^- 
where 

8i  =  tan  D  i°  =  tan  B%  and,  Sg  =  tan  ^^  -  tan  tT. 


Diminished  Deflection  Shunt  Method. 

150.  Kef  erring  to  Fig.  94,  this  method  is  as  follows  : — 
The  galvanometer  G,  whose  resistance  is  to  be  determined,  is 
joined  up  with  a  resistance  K,  a  battery  E,  and  a  shunt  S^ ;  the 
deflection  obtained  is  noted ;  let  this  deflection  be  due  to  a  current 
Cj,  then  (page  125)  we  have 


^2      Si  (G  +  R)  +  G  R      G  (Si  +  R)  +  Si  R* 


L  2 
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or 

CiG(Si  +  R)  +  C1S1R  _  Tj, 

The  resiBtanoe  of  the  shant  is  now  ledaced  to  S^,  so  that  die  galvano- 
meter deflection  is  also  leduoed ;  let  this  new  deflection  be  dae  to  a 
coirent  G^,  then  we  mnat  have 


Fio.  94. 


therefore 


Cg G (Sg  +  R)  +  Cg S, R  ^  CiG(Si  +  R)  +  CiSiR 


& 


S, 


that  is 


G[C,S,(S,  +  R)  -  OiS,(Si  +  R)]  =  S,S,R(C,  -  C,), 

from  which  we  get 

G  = 


Sj  S2  R  (Cj  -  Cj) 


or 


G  = 


C^  S,  (S,  +  R)  -  Cj  S,  (S,  +  R)' 


[A] 


In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and  dy 
are  read  from  the  tangent  scale,  then  we  should  have 


G- 


D-d 


di  ^-  + 


\%2        ^ ' 


s)-K^r) 


[B] 
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(1)  For  example. 

With  a  tangent  galvanometer  whose  resistance,  G,  was  required, 
and  a  battery  of  very  small  resistance,  we  obtained  with  a  shunt  of 
200*  (Sj),  a  deflection  of  60  divisions  (D)  on  the  tangent  scale  of 
the  instrument ;  when  the  shunt  was  reduced  to  25**  (Sg),  the  de- 
flection was  reduced  to  20  divisions  {d).  The  resistance,  B,  was 
400**.    What  was  the  resistance  of  the  galvanometer  ? 

G  = ^±^i^ 100- 

V25      400/  \200      400/ 

If  the  deflections  are  read  in  degrees^  then  in  equation  [B]  we 
must  substitute  tan  D"*  and  tan  d^  for  D  and  d  respectively ;  we  then 
get 

n tan  D**  -  tan  cT P^-. 


tand-(l+^)-tanD'(14) 


Si 

(2)  For  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  instrument,  and  deflections  of  50*" 
(D°)  and  21f  °  (cT)  respectively  were  obtained.  The  values  of  Sj,  S2, 
and  B  were  200**,  25*,  and  380"  respectively.  What  was  the  resist- 
ance, 6,  of  the  galvanometer  ? 

tan  50'  =  1-1918,    tan  21|°  =  -SSOO, 

therefore 

p  1-1918  -  -3990  ,^^« 

•39901  t  +  -     I  -  1-1918(^^    +     -  ) 
V25      880/  \200      380/ 

151.  If  we  make  the  test  by  having  no  shunt  inserted  when  the 
first  deflection  is  observed,  that  is  to  say,  if  we  have  Sj  =  00 ,  or, 

i-  =  0,  then  equation  [B]  (page  148)  becomes 
Si 

Q^d     ^^7^    ,0  [D] 


VS2    b;    b 
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and  equation  [C] 

p tan  D"  -  tan  (T  p^-. 

Further  still,  if  we  make  R  a  very  high  resistance,  that  is,  if  in 
equations  [D]  and  [E]  we  make  =^5^  ==  ^»  ^'^^  ^®  S®**  ^^'^  simpKfi- 
cations 

G  =  8,(5-1)  [F] 

^nd 

152.  In  order  to  detennine  the  hwi  eondition»  for  fnaking  the  teit^  and  also 
the  poBBibU  degree  of  aeeuracy  attainable,  let  us  write  equation  [A]  (page  148) 
in  the  form. 

Now  this  equation  is  similar  in  form  to  eqn&tion  [B]  (page  142)  in  the  last 
test  (Diminished  deflection  direct  roetliod),  the  only  difference  being  that  we 

haye  -- instead  of  O,  and  (-  -  +  ^  )and (q  +  4 )  i^^^d  of  B  and  p,  respec- 
ix  \Bj      B/         \8i      B/ 

tiTely ;  and  inasmuch  as  au  \'  per  cent,  error  in  ^  is  an  A'  per  cent,  error  in  G 

(though  of  the  opposite  sign),  we  can  see  that  the  Talue  of  x'  must  be  expressed 
by  an  equation  of  the  same  form  as  equation  [H]  (page  146),  that  is  to  say,  we 
must  have 

We  can  see,  therefore,  from  the  inyestigations  in  the  last  test  that  we  must 
have 

Best  Conditions  for  Making  the  Test. 

153.  Make  S^  and  K  as  large  as  possible  *  (§  149,  page  147). 
Making  Sg  of  such  a  value  that  when  the  deflections,  D  and  d^  are 
in  divisions,  then 

i  =  ? 

8 

*  The  investigations  in  the  case  of  the  last  test  prove  that  we  should  make 
(  ^-  +  p  )  as  ifnaU  as  possible ;  this,  of  course,  is  equivalent  to  making  Sj  and  B 

as  targe  as  possible. 
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approximately ;  and  when  the  deflections  are  in  degrees  on  a  tangent 
galvanometer,  then 

3 
approximately. 

Possible  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions^  and  if  we  can  read  their  valne 
to  an  accuracy  of  Hh  of  a  division,  then  we  can  determine  the  value 

of  G  to  an  accuracy,  A.',  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then  if 
we  can  read  their  value  to  an  accuracy  of  ^th  of  a  degree,  we  can 
determine  the  value  of  G  to  an  accuracy,  X',  of 

X!  =  (tanP:  j,j^n  ^  8,)  100  fi  ^  g  H  ^  I)"!  p^^  cent. 
tanefCtanD^  -  tan^T)     L  ^      ^^J 

where 

«!  =  tan  Dy  -  tan  D%    and,    Sg  =  tan  rfl"  -  tan  ^. 

154.  It  may  be  remarked,  that  in  the  foregoing  methods  unless 
the  galvanometer  under  measurement  has  a  high  d^ee  of  ''  sensi- 
tiveness" (page  99),  then  even  a  moderate  degree  of  accuracy  in 
making  the  tests  cannot  be  assured. 


152 


CHAPTER   VI, 

MEASUREMENT  OF  THE  INTERNAL  RESISTANCE  OF 

BATTERIES. 

Half  Deflection  Method. 

155.  On  page  5  a  formala  is  given  for  determining  the  resistance 
(r)  of  a  battery,  viz. : — 

r  =  R  -  (2p-i-G), 

where  O  is  the  resistance  of  the  galvanometer  employed  to  make  the 
test,  p  a  resistance  which  gave  a  certain  corrent  through  the  galvano- 
meter, and  R  a  larger  resistance  which  caosed  the  strength  of  this 
current  to  be  halved. 

As  this,  though  a  simple,  is  a  very  good  test,  and  one  which  is 
very  frequently  made  use  of,  a  numerical  example  may  prove  of 
value. 

For  example. 

With  a  galvanometer  whose  resistance  was  100*  (G),  and  a 
battery  whose  resistance  (r)  was  to  be  determined,  we  obtained  with 
a  resistance  in  the  resistance  box  of  150**  (/>),  a  deflection  representing 
a  current  of  a  certain  strength,  and  on  increasing  p  to  600"^  (R),  we 
obtained  a  deflection  which  showed  the  current  strength  to  be  halved. 
What  was  the  resistance  of  the  battery  ? 

r  «  600  -  (2  X  160  +  100)  =  200*. 

To  avoid  mistakes,  it  should  be  carefully  observed  that  in  working 
out  the  formula,  we  "  First  double  the  small  resistance ;  to  the  result 
add  the  resistance  of  the  galvanometer^  and  deduct  this  total  from  the 
greater  resistance.''^ 

156.  A  very  common  method  of  making  the  test  is  to  employ  a 
galvanometer  of  practically  no  resistance,  and  to  take  the  first 
deflection  with  no  resistance  in  the  circuit  except  that  of  the  battery 
itself.    In  this  case  (2  p  +  6)  =  0,  so  that 

r  =  R 

or  the  added  resistance  is  the  resistance  of  the  battery. 


INTERNAL   RESISTANCE  OF   BATTERIES.  153 

157.  If  we  compare  the  first  method  (§  155)  with  the  test  for 
determining  the  resistance  of  a  galvanometer  described  on  page  121 
(§  119),  we  can  see  that  the  two  are  almost  identical.  In  the  one 
case  we  determine  the  resistance  of  the  galvanometer,  and  in  the 
other  we  determine  the  resistance  of  the  battery  plus  the  galvano- 
meter, and  then  from  the  result  deduct  the  value  of  the  galvano- 
meter.   This  being  so,  we  can  see  that  the 

Be«t  Conditions  for  making  the  Test 

are  obtained  by  making  p  +  G  a  fractional  value  of  r ;  to  do  which 
we  should  require  a  galvanometer  of  low  resistance. 

As  regards  the  possible  degree  of  accuracy  attainable,  we  can  see 
from  the  galvanometer  test  referred  to,  that 

so  that  we  have 

Possible  Degree  of  Accuracy  attainable. 

If  we  can  be  certain  of  the  value  of  the  galvanometer  deflection 
to  an  accuracy  of  y  per  cent.,  then  we  can  be  certain  of  the  accuracy 

of  the  value  of  r  within  2  Tl  +  -  j  y  per  cent. 

Or  if  we  employ  a  galvanometer  of  low  resistance,  then  we  can  be 
certain  of  the  accuracy  of  the  value  of  r  within  2  y  per  cent. 

If  the  galvanometer  deflection  be  too  high,  i.e.  above  about  55"* 
(§  44,  page  88),  with  the  lowest  value  we  can  give  to  />,  then  the 
galvanometer  must  be  reduced  in  sensitiveness  by  being  shunted,  and 
the  value  of  G  in  the  formula  will  then  be  the  combined  resistance  of 
the  galvanometer  and  shunt,  that  is,  the  product  of  the  two  divided 
by  their  sum  (page  104), 

B[blvin's  Method. 

158.  Fig.  95  shows  the  theoretical,  and  Fig.  96  the  practical 
method  of  making  this  test. 

The  theory  is  as  follows :  The  galvanometer  G,  a  resistance  p9 
and  the  battery  whose  resistance  r  is  required  are  joined  up  in  simple 
circuit  with  a  shunt  S  between  the  poles  of  the  battery ;  a  deflection 
of  the  galvanometer  needle  is  produced  with  a  resistance  p  in 
the  resistance  box.  The  shunt  is  now  removed;  this  causes  the 
deflection  to  become  greater ;  p  is  then  increased  until  the  deflection 
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becomes  the  same  as  it  was  at  first.  Let  the  new  resistance  be  B,  and 
let  E  be  the  electromotive  force  of  the  battery  and  C  the  current 
passing  through  the  galvanometer. 


Fig.  95. 

In  the  first  case  we  have 
C  = 


Fio.  96. 


E  ^     _S 

r+   S(p  +  G)       S  +  p  +  G 
^  S  +  p  +  G 


ES 


r(S  +  p  +  G)+S~(p  +  6y 


and  in  the  second  case 


therefore 


E 


C  =  -—  ^ 

r  +  R  +  G' 


ES 


or 


r  +  R  +  G      r(S  +  p  +  G)  +'S(p  +  G)' 

By  multiplying  up  and  cancelling, 

r(p+G)  =  S(R-p), 

r  =  S— "- ^ 

^P  +  G- 

Far  example. 

A  battery  whose  resistance  (r)  was  required,  was  joined  up  in 
circuit  with  a  resistance  of  200"'  (p)  and  a  galvanometer  of  100*' 
(6),  a  shunt  of  10*"  (8)  being  between  the  poles  of  the  battery.    On 
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lemoving  the  shunt  it  was  necessary,  in  order  to  reduce  the  in- 
creased deflection  to  its  original  value,  to  increase  p  to  3200"' (B). 
What  was  the  resistance  of  the  battery  ? 

200  +  100 

159.  The  investigation  for  determining  the  best  resistances  to 
employ  in  making  this  test  would  be  conducted  in  precisely  the  same 
manner  as  that  given  on  page  127,  et  seq.    For  the  equation 

is  the  same  as 

which  is  the  same  kind  of  equation  as  the  one  in  the  test  referred 
to,  viz. : — 

P 

and  as  in  this  case  we  proved  that  S  was  to  be  as  small  and  R  as  large 
as  possible,  so  from  the  preceding  equation  we  should  prove  that  S 
should  be  as  small,  and  B  +  6  as  large,  as  possible.  In  order,  there- 
fore, to  obtain  the 

Best  Conditions  for  making  the  Test, 

160.  First  make  a  rough  test  to  ascertain  approximately  what  is 
the  value  of  r.  Having  done  this,  insert  a  shunt  (S)  between  the 
poles  of  the  battery,  of  less  resistance  than  r. 

Next  join  up  p  in  circuit  with  G,  with  the  battery,  and  with  its 

shunt  S,  making  p  +  G  not  larger  than  ^-  (G  +  R)  ;   R  being  the 

highest  resistance  that  can  be  inserted  in  the  circuit. 

The  galvanometer  needle  being  obtained  at  the  angle  of  maximum 
sensitiveness  (page  29),  note  the  value  of  p. 

Now  remove  the  shunt  and  increase  p  to  R,  so  that  the  increased 
deflection  becomes  the  same  as  it  was  at  flrst.  Note  R,  and  calculate  r 
from  the  formula. 


156  HANDBOOK  OF  ELECTRICAL  TESTING. 


Possible  Degree  of  Accuracy  attainable. 

From  the  galvanometer  test  referred  to,  it  will  be  seen  that  if 
we  can  determine  the  value  of  the  galvanometer  deflection  to  an 
accuracy  of  y  per  cent.,  then  we  can  determine  the  accuracy  of  r  to 
an  accuracy  of 

0  +  -r)  0  +  KT g)  y  ^  ^°'' 

161.  As  we  cannot  in  this  test  vary  the  resistance  of  the  galvano- 
meter so  as  to  obtain  the  deflection  at  the  angle  of  maximum 
sensitiveness,  we  must,  if  the  deflection  be  too  high  with  the  highest 
resistances  we  can  put  in  the  circuit,  reduce  the  sensitiveness  by 
means  of  a  shunt  between  the  terminals;  the  value  of  6  in  the 
formula  will  then  be  the  combined  resistance  of  the  galvanometer 
and  its  shunt. 

As  the  constancy  of  a  battery  is  likely  to  be  impaired  by  being 
on  a  circuit  of  low  resistance,  it  is  not  advisable  to  reduce  the 
deflection  of  the  galvanometer  by  making  S  very  small.  In  fact  S, 
although  it  should  be  lower  than  the  resistance  of  the  battery,  should 
not,  in  this  test,  be  made  lower  than  we  can  help.  Thus,  if  the 
resistance  of  the  battery  were  about  200**,  it  would  be  preferable  to 
make  8  100**  rather  than  10**.  Should  the  deflection  of  the  galvano- 
meter needle  be  too  low,  the  only  thing  to  be  done  is  to  use  another 
which  has  a  higher  figure  of  merit. 

162.  A  Kelvin  galvanometer  (page  51)  answers  very  well  for 
tests  like  the  foregoing,  as  the  figure  of  merit  can  always  be  made 
sufficiently  low  by  placing  a  shunt  made  of  a  short  piece  of  wire 
between  the  terminals. 

168.  If  we  adjust  p  in  the  first  place  so  that  together  with  G  it 
equals  S,  we  get  the  simplified  formula 

that  is,  the  added  resistance  is  the  resistance  of  the  battery.* 

Again,  if  we  commence  with  no  other  resistance  in  the  galvano- 
meter circuit  beyond  that  of  the  galvanometer  itself,  we  get  the 
simplification 

*  Sabine's  *  The  Electric  Telegraph,'  p.  314. 
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Lastlj,  if  we  make  S  =  6,  we  then  get 

r  =  E. 

If  we  arrange  the  tests,  however,  so  as  to  use  these  simplified 
formolae,  we  are  obliged  to  employ  an  arrangement  of  resistances 
which  would  not  be  at  all  advisable  if  we  wish  for  accuracy,  and  it 
is  very  questionable  whether  any  advantage  is  gained  by  adopting 
a  simplification  of  a  formula,  in  itself  simple,  at  the  expense  of 
accurate  testing. 

The  arrangement  of  key  described  in  §  133,  page  188,  may 
obviously  be  applied  to  the  foregoing  tests  with  advantage. 

Siemens*  Method. 

164.  Fig.  97  shows  the  arrangement  of  resistances,  etc.,  for 
determining  the  resistance  of  a  battery  by  Siemens*  method. 

A  C  is  a  resistance  on  the  slide  principle  (§  26,  page  19),  R  a 
resistance  connected  to  the  junction  of  the  gsJvanometer  0  and 
the  battery  whose  resistance  r  is  required.  The  other  end  of  B  is 
connected  to  the  slider  B. 


Fio.  97. 

Now  it  will  be  found  that  if  B  be  moved  towards  A  or  towards  C 
from  a  certain  point  midway  between  A  and  C,  the  current  flowing 
through  the  galvanometer  will  be  increased. 

It  follows  from  this  that  if  we  put  B  near  A  and  obtain  a  certain 
deflection,  we  can  also  obtain  this  same  deflection  by  sliding  B  to  a 
point  near  C. 

Let  B  and  B^  be  these  points,  and  let  a  be  the  resistance  between 
A  and  B,  h  the  resistance  between  B^  and  C,  and  p  the  resistance 
between  B  and  B^.  Also  let  E  be  the  electromotive  force  of  the 
battery,  and  r  its  resistance,  and  let  C  be  the  current  deflecting  the 
galvanometer  needle. 

Now  when  the  slider  is  at  B 

^  "  r^^a^    R(p  +  6  +  a)   ""  R  +  p  +  ^  +  S 

R  +  P  +  6  +  G 
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ER 


(r  +  fl)  (R  +  p  +  Z>  +  G)  +  R  (p  +  Z»  +  G) ' 
and  when  the  slider  is  at  B^ 


(r  +  fl  +  p)  (R  +  ft  +  G)  +  R  (ft  +  6) ' 
therefore 

(r  +  fl)  (R  +  p  +  ft  +  6)  +  E  0>  +  ft  +  G) 
=  (r  +  a  +  p)  (R  +  ft  +  G)  +  R  (ft  +  G)  ; 
therefore 

(r  +  fl)  p  +  R  p  =  p  (R  +  ft  +  G) ; 
from  which 

r  +  a  =  ft  +  G 
or 

r  =  G  +  ft  -  fl. 

In  making  this  test,  then,  what  we  have  to  do  is  to  note  what  are 
the  values  of  A  B  (a)  and  B^  C  (ft)  when  the  same  deflections 
are  obtained  on  the  galvanometer,  then  from  these  values  and  the 
resistance  of  the  galvanometer  we  can  determine  the  resistance  of  the 
battery. 

165.  Another  way  of  making  the  test  is  to  find  the  point  between 
A  and  C  which  gives  the  leaat  deflection  ;  then  a  and  ft  will  be  the 
resistances  on  either  side  of  this  point. 

166.  Let  us  now  ooDsider  what  are  the  hett  oondition$  for  making  (he  ted. 
The  points  to  be  oonsidered  are,  what  are  the  best  resistances  to  make  B  aod  AG, 
and  also,  at  what  point  should  we  place  the  slider  to  commence  with,  that  is, 
should  we  place  it  near  one  of  the  ends  of  A  C,  or  at  some  point  nearer  the 
middle  of  the  latter? 

From  the  equstion 

r  =  G  +  6-a 

it  is  clear  that  any  error  made  in  &  or  a  will  make  an  exactly  corresponding  error 
in  r;  in  considering  the  problem,  therefore,  we  have  simply  to  determine  what 
arrangement  of  resistances,  etc,  will  cause  any  slight  error  in  a  or  6,  tbat  is  any 
slight  movement  of  the  slider,  to  make  the  greatest  possible  alteration  in  the 
current,  that  is  in  the  deflection  of  the  galvanometer  needle. 

Let  us  suppose  the  slider  was  at  B  for  the  first  observation,  and  let  us  suppose 
that  when  the  slider  was  at  that  point,  a  current  0  flowed  through  the  galrano- 
meter,  and  that  when  the  slider  was  removed  to  B,,  the  current  was  also  G. 
Further,  when  the  slider  was  moved  a  distance  X  beyond  B  towards,  say.  A,  let 
us  suppose  the  current  was  increased  to  0  +  o. 

We  have  then  to  determine  what  arrangement  of  resistances,  etc,  will  make 

S.  as  large  as  possible. 
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Now 

C  =  ^  ^ 

and  we  know  that 

oonseqnently 

C  =  ^  ^ 

(r  +  a)  (R  +  p  +  r  +  a)  +  B  0»  +  r  +  a)' 

and  by  putting  a  —  A  for  a,  and  p  +  A  for  p,  we  get 

p    ,        E  B rt 

(r  +  a-A)(B  +  p  +  A  +  r  +  a)  +  B(p  +  X  +  r  +  a)^    " 
or 

<j  =  C,  -  C : 

therefore 

«  -  Ci  -  1 . 
C  "  0        • 

therefore 

0  ^  (r  +  g)  (B  +  p  +  r  +  o)  4-  B  0»  +  r  +  g) ^ 

0      (r  +  o-A)(B  +  p  +  A  +  r  +  o)  +  R(p  +  A  +  r  +  o) 

^  ^  »  4-  A) 

(r  +  a)(B  +  f)  +  A  +  r  +  a)+BO>  +  A  +  r  +  a)' 

or,  since  A  Ib  a  very  small  quantity,  we  may  say, 


C      (r  +  a)  (B  +  p  +  r  +  a)  +  K  (p  +  r  +  a)" 


[A] 


We  will  first  determine  at  what  point  the  slider  should  be  placed  to  commence 
with. 

Now  if  we  show  at  what  point  it  should  be  placed  near  A,  we  determine  the 
point  at  which  it  should  be  placed  near  C,  for  r  +  a  must  equal  G  +  &.  What 
we  have  to  do  then  is  to  determine  tlie  best  yalue  to  give  to  a. 

To  do  this  we  must  suppose  the  resistance  A  G  to  be  constant,  or  since  r  and 
6  are  naturally  constants,  we  must  have 

r  +  a  +  p+6  +  G; 
that  is, 

r  +  a-t-p  +  r  +  o, 

equal  to  a  constant,  say,  K ;  therefore 

/>  +  r  +  o  =  K  —  (r  +  a),    and    p  =  K  -  2  (r  +  aX 

therefore,  by  equation  [A],  we  get 

c_  x(K-2(r  +  a)) 


C       (r  +  o)(R  +  K-Cr  +  a)  )  +  R  (K  -  (r  +  o)) 

A(K-2(r  +  a)) 
(r  +  a)(K-(r  +  a))+RK* 

From  this  we  see  that  the  smaller  we  make  (r  +  a)  the  larger  will  be  the 
numerator  of  the  fraction.    Also  if  r  +  a  be  less  than  -  ~  (which  it  must  be  in 


1 
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the  test),  the  smaller  we  make  it  the  smaller  will  he  the  denominator  of  the 
fraction.    This  may  he  proved  as  follows : — 

(r  +  o)(K-(r  +  o))  =  (r  +  a)K-(r  +  a)«  =  ?!-((r+a)-|)*. 
If  in  the  latter  expression  we  make 

then 

which  makes  the  expression  as  small  as  possible. 

Bnt  if  we  make  r  +  a  either  larger  or  smaller  than  ^,  then  (  (r  +  a)  —  ^i 

does  not  equal  0,  but  it  has  a  pins  valne  which  increases  in  proportion  as  we 

K        K 
make  either  (r  +  a)  larger  than  --,  or  =*  larger  than  (r  +  a) ;  for  although 

/  (r  +  a)  -  —  j  in  one  case  will  have  a  positive,  and  in  the  other  case  a  negative 

value,  still  I  (**  "I"  ^)  ~  -q  )  ^  positive  in  both  oases. 

If,  therefore,  we  make  (r  +  a)  smaller  than  — ,  the  value  of  the  expression 

referred  to,  and  consequently  the  value  of  (r  +  a)  (K  —  (r  +  a)  X  ^"U  increase  in 
proportion. 

Oonsequently  the  smaller  we  make  (r  +  a),  and  thereby  a,  the  larger  will 

?be. 

c 

It  is  best,  therefore,  to  place  the  slider  to  commence  with  as  near  to  one  end 
of  A  G  as  poBsibla 

Next  we  have  to  determine  what  value  we  should  give  to  A  C.  This  we  shall 
do  if  we  determine  what  value  p  should  have.  If  we  write  equation  [A] 
(page  159)  in  the  form 

C 


(r  +  a)(l  +  «+r_±i!)  +  R(l+L±:«)' 


we  can  see  that  r,  ch  and  R  being  constant,  £  is  made  as  large  as  possible  by 

making  p  as  large  as  possible ;  but  we  can  also  see  that  there  is  but  little  use  in 
making  p  much  larger  than  B  +  r  +  a*  or,  as  a  ought  to  be  small,  in  making  it 
much  larger  than  R  +  r. 

Lastly,  we  have  to  find  what  value  it  is  best  to  give  to  R.     If  we  write 
equation  [A]  in  the  form 

0  _     Xp-4-[>  +  2(r  +  a)] 
0      (r4-a)(p  +  r  +  a)   .   r' 
p  +  2  (p  +  a) 

we  can  see  that  p,  r,  and  a,  being  constant  quantities,  ?■  is  made  as  large  as 

posuble  by  making  R  as  small  as  possible ;  but  we  can  also  see  that  we  gain  bot 
very  little  by  making  R  much  smaller  than  r  +  a,  or,  as  a  ought  to  be  small 
by  making  it  smaller  than  r.      Actually,  of  course,  we  could  not  make  B 
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extremely  small,  ibr  the  reason  that  the  battery  and  galvanometer  would  then  be 
practically  short-cirouited,  and  a  readable  defieotion  oonld  not  be  obtained. 
Since 

r  +  a  =  G  +  b, 

a  can  only  be  made  small  by  haying  G  small ;  it  is  therefore  best  to  haye  a 
galvanometer  of  as  low  a  resistance  as  possible,  or  rather  of  a  resistance  not 
flxoeeding  r . 

It  was  proved  that  the  slider  should  be  as  near  one  end  of  A  G  as  possible ; 
evidently,  also,  it  should  be  towards  the  end  which  has  the  g^reater  resistance, 
that  is,  towards  r,  oir  G,  whichever  is  the  higher. 

In  order  to  determine  the  percentage  of  tucurctoff  aUainaJbhj  we  must  in 
equation  [A]  (page  159)  put  percentages  \'  and  y  for  the  absolute  values  X  and 
0,  that  is  to  say,  we  must  have 

^  =  ^otr.     and.    o=j^ofC. 
in  which  case  we  get 

To  summarise  the  results,  then,  we  have 

Best  Goruiitiom  for  making  the  Test. 

167.  The  slider  at  commencing  should  be  as  near  as  possible  to 
that  end  of  A  C  to  which  is  connected  the  greater  of  the  values  r  and 
0.  The  value  of  A  C  should  not  be  less  than  the  value  of  the  greater 
of  the  two  amounts  R  +  r  and  R  +  G.  R  should  be  lower  than  the 
greater  of  the  twO  quantities  r  and  Gr. 

The  galvanometer  resistance  should  not  exceed  r,  and  the  deflec- 
tion should  be  obtained  at  the  angle  of  maximum  sensitiveness.  This 
can  be  done  by  varying  R ;  but  inasmuch  as  the  latter  should  be 
lower  than  r,  it  is  desirable  to  use  a  galvanometer  of  such  sensitive- 
ness that  R  can  be  made  sufficiently  small  without  reducing  the 
deflection  too  low. 

Possible  Degree  of  Accuracy  attainable. 

If  we  can  be  certain  of  the  galvanometer  deflection  to  an  accuracy 
of  y  per  cent.,  then  we  can  be  certain  of  the  value  of  r  to  an 
accuracy,  X',  of 

X'  =  ["(>•  +  fl)  (R  +  p  +  f  +  g)  +  R(p  +  r  +  «)-j  ^'  ^^ ^^j. 

168.  As  in  previous  tests,  we  should  first  determine  the  value 
of  r  roughly,  and  then  more  exactly  with  the  resistances  properly 
arranged. 
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169.  A  0  ha8  been  aesamed  to  be  a  slide  resistance,  bnt  it  is  not 
absolutely  necessary  that  it  should  be  so ;  the  test  can  very  well  be 
made  in  the  following  manner : — 

Referring  to  Fig.  97,  and  supposing  r  to  be  greater  than  6,  let 
the  resistances  p  and  b  be  ordinary  ones  and  both  capable  of  varia- 
tion, and  let  the  resistance  a  be  done  away  with. 

Having  connected  B  to  B,  that  is,  to  the  pole  A  of  the  battery, 
plug  up  all  the  resistance  in  b  and  adjust  p  and  B  till  the  deflection 
of  maximum  sensitiveness  is  obtained  on  the  galvanometer.  Care 
must  be  taken  that  the  adjustment  of  p  and  B  is  so  made  that  B  is 
less  and  p  greater  than  G.  If  the  galvanometer  has  a  sufficiently 
high  figure  of  merit,  there  will  be  no  difficulty  in  doing  this. 

Next  shift  the  connection  of  B  from  B  to  B^,  and  proceed  to 
adjust  b  and  p  until  the  original  deflection  is  reproduced,  the  adjust- 
ment being  made  in  such  a  manner  that  the  same  resistance  is  plugged 
up  in  p  that  is  unplugged  in  b ;  then 

r  =  G  +  b. 

It  must  be  noted  that  of  the  two  quantities  G  and  r  the  one  which 
has  the  greater  resistance  must  be  connected  to  p  at  B.  In  the  case 
considered  it  has  been  supposed  that  r  was  the  larger  quantity,  bnt  if 
G  had  been  the  larger  of  the  two,  the  position  of  G  and  r  would  have 
had  to  be  reversed,  and  the  resistance  of  r  would  have  been  given 
by  the  formula 

r  =  G  -  ft. 

The  modus  operandi  of  the  test  would,  however,  be  precisely  the 
same  in  the  two  cases. 

Two  sets  of  resistance  coils  are  evidently  necessary  to  make  this 
test,  as  it  cannot  be  made  with  a  single  set  of  the  ordinary  kind 
(Fig.  6,  page  14). 


Mange's  Method. 

170.  This  is  of  a  very  similar  nature  to  Kelvin's  method  of  de- 
termining the  resistance  of  a  galvanometer,  given  on  page  184. 
Fig.  98  (page  168)  shows  the  theoretical  method  of  making  the  test. 

In  the  theoretical  figure,  a,  b,  and  d  are  resistances,  g  a  galvano- 
meter, and  E  a  battery  whose  resistance  r  is  required. 

A  key  is  inserted  between  the  junctions  of  a  with  b  and  d  with  r. 
By  depressing  this  key  the  junctions  are  connected  together. 
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Let  us  first  suppose  the  key  to  be  up,  then  the  current  0^  flowing 
through  the  galvanometer  will  be 


C,i  = 


E 


a  -{■  b 


a  +  b  +  g 

E  (^  -f  ^) 

g(a  -\-  b  +  d  +  r)  -\-  {a  +  b)(d  +  r)' 


[1] 


Next,  suppose  the  key  to  be  pressed  down;   then  the  current  G.^ 
flowing  through  the  galvanometer  will  be 


c,= 


E 


a 


ivh*^)' 


bd 


r  + 


b  +  d 


j^-  g  +  a 


bd 
b  +  d 


+  g  +  a 


'E{b  +  d)a 


g(a  +  r){b  +  d)  +  bd{a  +  r)  +  ar{b  +  d)' 


[2] 


Fio.  98. 


Now  if  the  resistances  be  adjusted  so  that  the  deflection  of  the 
galvanometer  needle  remains  the  same  whether  the  key  is  depressed 
or  not,  then  equations  [1]  and  [2]  are  equal ;  that  is 

E  (a  +  ft) 


g {a  +  b  +  d  +r)  '\-  (a  +  b)  {d  '\-  r) 

E(b  +  d)a 

g  {a  +  r)  {b  +  d)  +  b d (a  +  r)  +  ar  {b  '\-  d)* 

M  2 
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If  we  refer  to  "Kelvin's  galvanometer  resistance  test"  on 
page  185,  we  can  see  that  this  equation  is  similar  to  equation  [8] 
on  that  page,  with  the  exception  that  r  and  g  are  interchanged.  It 
must  therefore  Jse  obvions,  by  the  same  development  of  the  equation 
as  that  given  on  the  page  referred  to,  that 

^      ad* 


171.  The  great  advantage  of  this  test  is  that  the  electromotive 
force  of  the  battery  need  only  be  constant  during  the  very  short 
interval  of  time  occupied  in  depressing  and  raising  the  key. 

172.  In  making  the  test  practically  the  connections  would  be 
as  shown  by  Fig.  99.  Terminals  E  and  B'  would  be  joined  by  a 
short  piece  of  thick  wire  ;  the  other  connections  are  obvious. 

The  left-hand  key  puts  the  galvanometer  on ;  this  key  must  be 
depressed  and  held  permanently  down,  and  the  right-hand  key  then 
alternately  depressed  and  raised,  and  the  resistance  df,  that  is,  the 
resistance  between  A  and  E,  at  the  same  time  adjusted  until  the 
deflection  of  the  galvanometer  needle  remains  the  same  whether  the 
key  is  up  or  down. 

*  The  tnith  of  this  proportion  also  follows  from  the  principle  of  the  Wheat- 
stone  Bridge  (Chapter  Yin.).  For,  supposing  to  commenoe  with,  we  have  no 
electromotive  force  in  the  arm  G  E,  and  that  we  have  a  battery  in  oircnit  with 
the  key  K — the  ordinary  Wheatstone  Bridge  arrangement,  in  fact — then,  when 

ad 
'=-6- 

we  have  no  movement  of  the  galvanometer  needle  on  opening  or  dosing  K.  Let 
ns  next  suppose  the  electromotive  foroo  E  to  exist,  then  the  result  of  E  is  in  no 
way  to  affect  the  values  of  the  resistances,  it  simply  causes  currents  to  flow 
through  the  latter,  and  through  g  amongst  others,  tiiese  currents  being  super- 
imposed on  those  caused  by  the  bsttery  which  we  have  supposed  to  be  in  circuit 
with  the  key  K.  But  inasmuch  as  there  is  no  current  tlirough  g  due  to  the 
battery  in  circuit  with  K,  and  as  all  the  other  conditions  remain  unchanged, 
the  movement  of  K  cannot  affect  the  current  which  is  now  flowing  through  g, 

though  it  would  do  so  if  the  proportion  r  =  %—  were  not  satisfied,  for  in  that  case 

a  current  due  to  the  battery  in  circuit  with  K  would  flow  through  o  when  K  is 
depressed,  this  current  being  superimposed  on  the  current  due  to  E.  Lastly,  if 
no  effect  is  produced  on  the  galvanometer  needle  when  there  is  a  battery  in  circuit 
with  K,  and  when  K  is  raised  and  depressed,  then  it  is  obvious  that  no  effect  can 
be  produced  if  there  is  no  battery  in  the  circuit  of  K.  If,  however,  under  the 
latter  condition  the  raising  and  depression  of  K  di>es  cause  the  galvanometer 

needle  to  move,  then  it  is  clear  that  the  proportion  r  =  ^  is  not  satisfied,  that  is 

o 

n.  A 

to  say,  th0  absence  of  any  movement  shows  that  r  =      - . 
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173.  Again  referring  to  Thomson's  galvanometer  resistance  test ; 
it  must  be  clear,  bj  substitating  r  f or  ^  in  the  equations,  that  to 
obtain  the 

Best  Conditions  for  making  the  Test, 

we  must  make  a  as  low  as  possible  and  h  as  high  as  possible,  but  not 
so  high  that  d  when  exactly  adjusted  would  exceed  all  the  resistance 
which  can  be  inserted  between  D  and  E  (see  Fig.  99). 


Fig.  99. 

Adjust  d  approximately,  and  then,  if  necessary,  adjust  the  re- 
sistance of  the  galvanometer  shunt  (which  it  will  be  necessary  to 
employ)  so  that  the  final  deflection  is  as  nearly  as  possible  that  of 
TnATimiiTTi  sensitiveness,  and  then,  having  exactly  adjusted  d^ 
calculate  r  from  the  formula. 

Possible  Degree  of  Accuracy  attainable. 

If  we  can  determine  the  value  of  the  galvanometer  deflection 
to  an  accuracy  of  y  per  cent.,  then  we  can  be  certain  of  the  value  of 

r  to  an  accuracy  of  ( 1  +    )  (  ^  +  j)  y'  P®'^  ^^t- 

174.  In  the  practical  execution  of  the  test  with  the  set  of  re- 
flistanoe  coils  shown  by -Fig.  99,  the  lowest  value  we  could  give  to  a 
would  be  10  units,  unless  we  improvised  a  resistance  of  less  value, 
which  it  might  be  necessary  to  do. 

Mange's  Method  with  the  Slide  Wire  BsiDaB. 

175.  Mance's  test  is  sometimes  made  by  having  a  +  ft  a  slide 
wire  resistance,  d  being  a  fixed  resistance ;   in  this  case  the  slider 


166 


HANDBOOK   OF  ELECTRICAL   TESTING. 


would  be  moved  along  between  A  and  C  until  the  point  is  found  at 
which  the  depression  or  raising  of  the  key  makes  no  alteration  in  the 
deflection  of  the  galvanometer  needle. 

For  practically  executing  the  test  the  apparatus  known  as  the 
"Slide  Wire"  or  "Metre  Bridge"  may  be  used.  This  apparatus, 
which  is  shown  by  Fig.  100,  is  described  in  Chapter  VIII.  (The  Wheat- 


Fio.  100. 

stone  Bridge).  The  slide  wire,  a  +  b,  which  is  1  metre  long,  is 
stretched  upon  an  oblong  board  (forming  the  base  of  the  instrument) 
parallel  to  a  metre  scale  divided  throughout  its  whole  length  into 
millimetres,  and  so  placed  that  its  two  ends  are  as  nearly  as  possible 
opposite  to  divisions  0  and  1000  respectively  of  the  scale.  The  ends 
of  the  wire  are  soldered  to  a  broad,  thick  copper  band,  which  passes 
round  each  end  of  the  graduated  scale,  and  rnns  parallel  to  it  on  the 
side  opposite  to  the  wire.  This  band  is  interrupted  by  four  gaps,  at 
m^,  r,  d,  and  tn.2.  On  each  side  of  these  gaps  are  terminals.  In 
making  the  test  under  consideration,  the  gaps,  m^  and  m^  are  closed 
by  thick  copper  straps.  The  slider  S  makes  contact  with  the  slide 
wire  by  the  depression  of  a  knob  on  S. 

The  battery  r,  a  resistance  d,  and  a  galvanometer  g,  being  joined 
up  as  shown,  the  slider  S  is  moved  along  the  scale,  the  knob  being 
depressed  at  intervals,  until  the  point  is  reached  at  which  the  de- 
pression makes  no  change  in  the  permanent  deflection  of  the  galva- 
nometer needle.  When  this  is  the  case,  then,  as  in  Kelvin's  galvano- 
meter test  (page  184),  we  have 


r  =  rf(— ^ \ 

VlKOO  -  aJ 
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For  example. 

In  the  foregoing  test,  equilibrium  was  produced  when  d  was  1**, 
and  a,  450  divisions  ;  what  was  the  resistance,  r,  of  the  battery  ? 

r  =  1       J^iL       =  450  =  .85« 
1000  -  450       550 

176.  The  best  cotiditiotis  for  making  tJie  test  are  similar  to  those 
required  for  Kelvin's  galvanometer  test  (page  134),  namely,  we  should 
make  d  larger  than  r,  but  not  greater  than  about  ten  times  r. 

Ab  a  rale,  tbe  complete  slide  wire  bridge  is  funiished  with  but  four  reeistanoe 
coils  of  1*  each,  so  that  the  choice  of  a  reristance  to  insert  in  d  is  limited,  and  it 
may  not  be  possible  to  follow  oat  the  rule  of  *'  making  d  about  10  times  as  large 
as  r."  lu  this  case  the  possibility  of  an  acourste  measurement  becomes  pro- 
portionately reduced  below  the  highest  possible  standard,  so  that  on  the  one 
hand  a  cell  whose  resLstanoe  is  much  less  than  ^'^,  or,  on  the  other  hand,  a  cell 
whose  resistanse.  exceeds  4">  cannot  be  measured  with  the  highest  possible 
accuracy. 

Strictly  speaking  (as  has  been  pointed  out),  in  order  to  insure  accuracy  it  ia 
necessary  that  the  resistance  of  the  portion  of  the  slide  wire,  a,  be  less  than  the 
resLstanoe  of  the  battery  to  be  measured ;  but  ati  the  resistance  of  the  whole  length 
of  the  wire  will  not  exceed  ^**,  the  resistance  of  the  length  a  will  practically  be 
less  than  the  resistance  of  the  battery,  unless,  of  coarse,  this  resistanoe  is  ex- 
tremely low. 

The  possible  degree  of  accuracy  attainable^  we  can  see  from  Kelvin's 
galvanometer  test  (page  115),  is  given  by  the  equation 

V=  4^^50008    percent., 
a  (1000  -a)^ 

where  8  is  the  degree  of  accuracy  in  divisions  to  which  the  slider,  S, 
can  be  adjusted.  If  we  can  adjust  to  an  accuracy  of  1  division, 
then  8  =  1. 

For  example. 

In  the  last  example,  what  would  be  the  degree  of  accuracy,  X',  with 
which  the  value  of  r  could  be  obtained,  supposing  that  the  position  of 
the  slider  could  be  determined  to  an  accuracy  of  1  division  (8)  ? 

^  ^      100000  X  1 


=  '40  per  cent. 
450  (1000  -  450)  ^ 
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177.  The  Bensitivenesa  of  Mance's  test  can  be  considerably 
increased  by  including  a  battery  in  the  key  circuit ;  this  must  be 
evident  from  the  note  on  page  164.  In  making  the  test  in  this 
manner  the  additional  battery  should  preferably  be  connected  up  so 
as  to  act  in  the  same  direction  as  the  battery  being  measured  ;  i.e.  in 
the  case  shown  by  Fig.  98,  the  zinc  of  the  additional  battery  must  be 
connected  to  E. 

178.  The  facility  and  accuracy  with  which  all  the  foregoing  tests 
(except  the  half-deflection  test)  can  be  made  may  be  greatly  increased 
by  the  following  arrangement :  Use  a  galvanometer  with  a  high 
"  figure  of  merit "  (page  98),  and  instead  of  making  the  test  with  the 
needle  brought  to  the  "  angle  of  maximum  sensitiveneBS  "  (page  29), 
make  it  with  the  needle  brought  approximately  to  zero  by  means  of  a 
powerful  pennanent  magnet  set  near  the  instrument ;  under  these  con- 
ditions the  galvanometer  needle  will  be  highly  sensitive  to  any  small 
change  in  the  current  strength. 

Another  arrangement  which  may  be  very  conveniently  adopted  is 
to  employ  a  galvanometer  with  a  high  figure  of  merit,  and  woxmd 
with  two  wires.  One  of  these  wires  would  be  joined  in  circuit  with 
the  battery  under  test,  etc.,  in  the  usual  way ;  the  other  would  be 
connected  in  circuit  with  a  small  battery  and  a  set  of  resistance  coils, 
the  connections  being  so  made  that  the  currents  through  the  two 
coils  oppose  one  another.  When  the  deflection  due  to  the  battery 
imder  test  is  obtained,  the  second  battery  and  resistance  coils  are 
connected  up,  and  then  this  battery  is  adjusted  until  the  needle  is 
brought  to  zero  as  nearly  as  possible.  The  test  is  then  made  as  in 
the  case  where  a  permanent  magnet  is  used. 

179.  In  the  case  of  Mance^s  test  with  the  slide-wire  bridge,  if  the 
test  is  made  either  by  using  a  permanent  magnet  in  the  way  described, 
or  by  using  a  galvanometer  wound  with  a  double  wire,  it  is  best  to 
make  d  as  nearly  equal  to  the  resistance  of  the  battery  as  possible  (it 
should  not  be  made  less),  as  in  this  case  since  the  slider  S  will  have 
to  be  set  near  the  centre  of  the  scale,  a  greater  range  of  adjustment 
is  given  to  it,  for  5  divisions  near  the  centre  portion  of  the  scale  (500 
division  mark)  are  equivalent  to  only  1  division  near  the  100  division 
mark.  It  is  true  the  arrangement  is  not  quite  so  sensitive  as  it  would 
be  if  the  slider  were  set  towards  the  end  of  the  scale  ;  but  still,  if  we 
can  employ  a  galvanometer  with  a  high  figure  of  merit,  this  small 
loss  of  sensitiveness  is  more  than  compensated  for  by  the  increased 
range  which  can  be  obtained  on  the  scale. 
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DiMmisHBD  Defleotion  Direct  Method. 

180.  This  method,  which  has  been  generally  described  in  Chapter 
I.  (§  7,  page  4),  is  as  follows : — 

The  battery  whose  resistance,  r,  is  required,  a  galvanometer  of 
resistance  0,  and  a  resistance  p,  are  joined  up  in  simple  circuit ;  the 
deJElection  obtained  is  noted.  Let  this  deflection  be  due  to  a  current 
G| ;  then  calling  E  the  electromotive  force  of  the  battery,  we  have 

Oi  =  ^^g^    ,    or,    C,(r  +  G)  +  C,plE. 

The  resistance  p,  is  now  increased  to  B,  so  that  a  new  deflection  due 
to  a  current,  Cj,  is  produced  ;  then  we  have 


hence 


or 


therefore 


^^  =  r+&+R'    '''''    C3(r+G>+C,R  =  E; 


Cj  (r  +  G)  +  Cip  =  C^Cr  +  G)  +  O2R, 


(r  +  6)(Ci-C,)  =  C3R-Cip; 


that  is 


r  4.  G  -  ^2^  ~  ^1^ 
r=%^§~^-G.  [A] 


If  a  tangent  galvanometer  is  employed  for  making  the  test,  then 
if  the  deflections,  D  and  d^  are  read  from  the  tangent  scale  of  the 
instrument,  those  deflections  can  be  directly  substituted  for  the 
qoaotities,  C^,  Cj,  for 

D  :  d  : :  Ci  :  Cjj ; 
in  this  case,  then,  we  have 

.  -  '-l^_-^  -  .  B] 

(1)  Far  example. 

With  a  tangent  galvanometer  whose  resistance  was  10"  (G), 
and   a    battery    whose    resistance,    r,    was    required,  a  deflection 
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of  60  divisions  (D)  on  the  tangent  scale  of  the  instmment  wa» 
obtained,  when  a  resistance  of  10**  (p)  was  in  circoit ;  when  the  latter 
resistance  was  increased  to  230**  (R)  the  deflection  waa  reduced  to 
20  divisions  (d).     What  was  the  resistance  of  the  battery  ? 

^  ^  20^x  280  -  60j<  10  _  iQ  ^  90-. 
"  60  -  20 

If  the  readings  are  made  from  the  degrees  scale,  then  we  mnst  sub* 
stitute  the  tangents  of  the  deflections  for  the  deflections  themselves  ; 
the  formula  then  becomes 

^  tan  ^  R  -  tan  D"  f>  _  q.  vq-^ 

tan  D°  -  tan  rf*' 

(2)  For  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were  made- 
from  the  degrees  scale  of  the  galvanometer,  and  deflections  of  50**  (D"^) 
and  21J**  (^)  respectively  were  obtained  with  resistances  of  10**  (p) 
and  229**  (R)  in  the  circuit.  The  resistance  of  the  galvanometer  was 
10**  (G).     What  was  the  resistance,  r,  of  the  battery  ? 

tan  50°  =  1-1918,  tan  21}"  =  -8990, 

therefore 

^       •8990x229-1-1918x10       ,^       ^^^ 
1-1918  -  -3990  ' 

181.  If  in  equations  [B]  and  [C]  we  have  p  =  0,  that  is  to  say, 
if  we  make  the  test  by  having  at  first  no  resistance  in  the  circuit 
except  that  of  the  galvanometer  and  the  battery  itself,  then  we  get 


and 


r  =  R^l^-G  [D] 


r  =  R ^         -G.  [E] 

tan  1)  -  tan  c?  *" 


182.  In  order  to  determine  the  heti  eondUiofufor  making  the  ieti,  and  alflo  Uie- 
posHbU  degree  of  aeouracy  obtainable^  let  ub  write  equation  [A]  in  the  form 

_  C,(R  +  G) -0,(^4-  G) 


I 
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Now  this  equation  is  similar  to  equation  [B]  (page  169)  in  the  ^  Diminished 
Deflection  Direct  Method"  of  determining  the  resistance  of  a  galvanometer, 
except  that  in  the  latter  method  we  have  the  quantities  R  and  p  in  the  phtoe  of 
the  quantities  (B  +  G)  and  (p  +  G);  consequently  we  can  at  once  see  from  the 
inTestigation  in  the  test  referred  to  that  we  must  haye — 


Best  Conditions  far  making  the  Test, 

188.  Make  p  as  small  as  possible. 

Make  B  of  such  a  value  that  when  the  deflections,  D,  d,  are  in 
divisions^  then 

approximately ;  and  when  the  deflections  are  in  degrees  on  a  tangent 
galvanometer,  then 

tan  D° 
tan  a   =  — - — 

approximately. 


Possible  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions^  and  if  we  can  read  their  value 
to  an  accuracy  of  ^th  of  a  division,  then  we  can  determine  the  value 
of  r  to  an  accuracy,  A.',  of 

V  =  H?^,^  (l  +  ^-t^)  per  cent, 
a  (D  -  a)     \  r     / 

If  the  deflections  are  in  degrees  on  the  tangent  galvanometer, 
then  if  we  can  read  their  value  to  an  accuracy  of  ^th  of  a  degree,  we 
can  determine  the  value  of  G  to  an  accuracy,  X',  of 

,,  =  ^-?;#^-^''^;^  (l  +  ^  per  cent, 
tan  a   (tan  D-tan(/)\  r     / 

where 

8i  =  tan  D^"  -  tan  D%    and,    Sg  =  tan  d\^  -  tan  dT. 
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DiMiNisHKD  Dbflecttion  Shunt  Method. 

184.  This  method  is  shown  by  Fig.  101.    The  battery,  r,  whose 
resistance  is  to  be  determined,  is    joined  up    in  circnit  with  a 

resistance  B,  a  galvanometer  0,  and  a 
shnnt  Si ;  the  deflection  obtained  is  noted ; 
let  this  deflection  be  due  to  a  coirent  O^, 
then  calling  E  the  electromotive  force  of 
the  battery,  we  have  (page  154) 

^^ "  r(Si  +  R  +  G)  +  Si(R  +  ay 

or, 

ar(Si+  ^  +  G)  +  C,Si(B  +  G)  _  p 

s, 

The  resistance  of  the  shnnt  is  now  re- 
duced  to  S2,  so    that  the   galvanometer 

deflection  is  also  reduced ;  let  this  new  deflection  be  due  to  a  cnrrent 
Cj,  then  we  have 


Fio.  101. 


therefore 


CjrCSj  +  R  +  G)  +  C2S2  (R  +  G)  ^  p  . 


C^KSa  +  R  +  G)  +  C A(R  +  6)  _  Cyr(&^  +  R  +  G)  +  Ci8i(R-f  6) 

that  is 

r[C,Si(Sj  +  R+G)-Ci8,(Si  +  R  +  G)]=SiSj(R  +  G)Ci-C^ 
from  which  we  get 

S,S2(R  +  G)(a -C,) 


r  = 


or 


r  = 


C,Si  (Sj,  R  +  G)  -  Ci  S,(Si  +  R  +  G)' 
Ci  -  O2 

^^(i-"' R^) "  ^^(i""  rtg) 


[A] 


82       R  +  G/        ^VSi 

In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and  d^ 
are  read  from  the  tangent  scale,  then  we  should  have 

D-d 


r  - 


ii^Ri-Q)-'^{k^TiTG) 


[B] 


Si 
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(1)  For  example. 

With  a  tangent  galvanometer  whose  resistance  was  10"  (0),  and  a 
battery  whose  resistance,  r,  was  required,  we  obtained  with  a  shnnt  of 

200*  (Sj),  a  deflection  of  60  divisions  (D)  on  the  tangent  scale  of  the 
instrument ;  when  the  shnnt  was  reduced  to  25"  (Sj)  the  deflection 
was  reduced  to  20  divisions  (d).  The  resistance,  R,  was  710".  What 
was  the  resistance  of  the  battery  Y 

60  -  20 _^      ^■ 

'  2oa-H    ^   )-6or-i-4-    ^  y^^' 

\25      710  +  10/  \200  ^  710  +  10/ 

If  the  deflections  are  read  in  degrees,  then  in  equation  [B]  (page 
172),  we  must  substitute  tan  D**  and  tan  d^  for  D  and  d  respectively, 
we  then  get 

(2)  Far  example,^ 

In  a  measurement  similar  to  the  foregoing,  the  readings  were 
made  from  the  degrees  scale  of  the  galvanometer,  and  deflections 
of  50*  (D°)  and  21  j°  (cT),  respectively,  were  obtained.  The  values- 
of  Si,  82,  R,  and  G  were  200",  25",  655",  and  10"  respectively. 
What  was  the  resistance,  r,  of  the  battery  ? 

tan  50'  =  1-1918,  tan  21i"  =  -3990. 

therefore 

1-1918  -  -3990 


'Hk  ^5TTTo)  -  '-'H^lo  ^  6-551:To) 


=  90". 


185.     If  we  make  the  test  by  having  no  shunt  inserted  when 
.  the  first  deflection  is  observed,  that  is  to  say,  if  we  have  Sj  =  a  ,  or 

—  =  0,  then  equation  [B]  becomes 

"  VS2      R  +  (5/      R"+  G 
and  equation  [C] 

^ tan  D°  -  tan  ^  [E] 

^       .^„^n    .        1     \      tanD"' 
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Further  still,  if  we  make  B  a  very  high  resistance,  that  is,  if 
in  equations  [D]  and  [B]  we  make  -.= —     =  0,  then  we  get  the 

K  +  It 

simplifications 

r  =  S,(»-l).  [P] 

iuid 

186.  If  we  refer  to  the  "  Diminished  deflection  shunt  method  *' 
{page  147)  of  determining  the  resistance  of  a  galvanometer,  we  can 
-see  that  equation  [A]  (page  148)  in  that  test  is  almost  precisely 
similar  to  equation  [A]  (page  172)  of  the  present  test,  the   only 

•difference  being  that  in  the  latter  we  have  .= j^  in  the  place  of -r^-, 

•consequently  we  must  have 

Best  Conditions  for  making  the  Test. 

Make  S^  and  B  as  large  as  possible. 

Make  Sj  of  such  a  value  that  when  the  deflections,  D,  d^  are  in 
divisions^  then 

approximately ;  and  when  the  deflections  are  in  degress  on  a  tangent 
galvanometer,  then 

approximately. 

Possible  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions,  and  if  we  can  read  their  value 
to  an  accuracy  of  Hh  of  a  division,  then  we  can  determine  the  value 
of  r  to  an  accuracy,  X',  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then 
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if  we  can  read  their  value  to  an  accuracy  of  ^th  of  a  degree^  we  can 
determine  the  value  of  r  to  an  accuracy,  A.',  of 

^  ^  (tenD°3,H-ten^MlOQ  fi  ^  ,( 1  ^       1^)"]  per  cent, 
tan  (T  (tan  D"  -  tan  (T)    L  ^Sj      R  +  G/ J  ^ 

where 

8i  =  tan  T)y  -  tan  D%    and    S^  =  tan  (?i°  -  tan  dT, 

187.  In  all  the  foregoing  tests  it  is  very  necessary  that  the 
galvanometer  used  be  a  highly  sensitive  one  (page  99),  otherwise 
even  a  moderate  degree  of  accuracy  cannot  be  obtained. 

188.  Other  methods  of  measuring  the  resistance  of  batteries  will 
be  referred  to  hereafter  (see  Index) ;  these  methods  involve  principles 
which  can  be  more  conveniently  discussed  later  on. 
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CHAPTER  VII. 

MEASUREMENT  OF  THE  ELECTROMOTIVE  FORGE 

OF  BATTERIES. 

189.  Thb  methods  of  measnring  or  comparing  the  electromotive 
forces  of  batteries  are  perhaps  more  numerous  than  any  other  class  of 
measurements. 

Although  no  absolute  standard  of  the  unit  of  electromotive  force 
(the  voU)  exists,  yet  there  are  several  standards  of  known  value  with 
which  comparisons  may  be  made. 

190.  For  rough  measurements  any  form  of  Daniell  cell  may  be 
used  as  a  standard,  the  electromotive  force  being  taken  as  1  volt ; 
this  value,  however,  cannot  be  regarded  as  being  correct  to  a  closer 
degree  of  accuracy  than  about  10  per  cent.,  the  value  of  a  Daniell 
cell  being  actually  more  than  1  volt. 

Standaed  Cells. 
Post  Office  STAia)ARD. 

191.  Originally  the  Post  Office  used  as  a  standard  a  particular 
form  of  Daniell  cell ;  this,  however,  has  been  entirely  abandoned  in 
favour  of  an  ordinary  "  dry  "  cell,  which  is  from  time  to  time  com- 
pared with  a  Clark  standard  (§  189)  and  its  correct  value  registered. 
These  dry  cells  have  an  electromotive  force  of  1'5  volt  approxi- 
mately. A  cell  of  this  kind  is  inclosed  in  a  box,  the  cover  of  which 
is  kept  sealed  with  an  official  seal.  Included  in  the  box  is  a 
resistance  of  1144  ohms,  whose  use  is  explained  in  the  Appendix, 
and  which  also  prevents  the  cell  from  being  accidentally  short- 
circuited. 

Fleming's  Standard  Cell. 

192.  This  cell,  devised  by  Dr.  J.  A.  Fleming,  is  thus  arranged  : — 
A  large  U-tube,  about  f  inch  in  diameter  and  8  inches  long  in 

the  limb,  has  four  side  tubes  (Fig.  102).     The  two  top  tubes,  A  and 
B,  lead  to  two  reservoirs  Z  and  C,  and  the  bottom  ones,  C  and  D,  are 
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drainage-tabeB.  The  side  tubee  are  closed  by  glass  taps.  The  whole 
is  moanted  on  a  vertical  board,  with  a  pair  of  t«8t-tabes  between  the 
limbe.  The  left-hand  reservoir  S  Z  is  fiUed  with  a  solution  of 
eolphate  of  zinc,  and  the  right-hand  reservoir  S  C  with  a  solution  of 
sulphate  of  copper.  The  electrodes  are  zinc  and  copper  rods,  Zn  and 
Co,  passed  through  vulcanised-rubber  corks,  P  and  Q,  fitting  air- 
tight into  the  ends  of  the  U-tabe. 

The  operation  of  filling  is  aa  follows : — Open  the  tap  A  and  fill 
the  whole  U-tube  with  the  denser  zinc  sulphate  solution  ;  then  insert 
the  zinc  rod  and  fit  it  tightly  by  the  rubber  cork  P.  Now,  on 
opening  the  tap  C  the  level  of  the 
liqoid  will  begin  to  fall  in  the  right- 
hand  limb  but  lie  retained  in  the  closed 
one.  As  the  level  commences  to  siuk 
in  the  right-hand  limb,  by  opening  the 
tap  B  copper  aulpliate  solution  can  be 
allowed  to  flow  in  gently  to  replace  it ; 
and  this  operation  can  be  so  conducted 
that  the  level  of  demarcation  of  the 
two  liquids  remains  quite  sharp,  and 
gradually  sinks  to  the  level  of  the 
tap  C.  When  this  is  the  case,  all  taps 
are  closed  and  the  copper  rod  inserted 
iu  the  right-hand  limb. 

Now  it  is  impossible  to  stop  diffu- 
sion from  gradually  mixing  the  liquids 
at  the  surface  of  contact ;  but  when- 
ever the  surface  of  contact  ceases  to  be 
sharply  defined,  the  mixed  liquid  at 
the  level  of  the  tap  C  can  be  drawn  off, 
and  fresh  solutions  supplied  from  the 
reservoirs  above. 

In  thia  way  it  is  possible  to  main-  j^,  102_ 

tain   the  solation   pnre  and   unmixed 

round  the  two  electrodes  with  very  little  trouble  ;  and  the  electrodes, 
when  not  in  use,  can  be  kept  in  the  idle  cells  or  test-tubes  L  and  M, 
each  in  its  own  solution. 

The  electrodes  are  made  of  rods  of  the  purest  zinc  and  copper, 
about  i  inches  long  and  i  inch  diameter.  The  zinc  found  most 
suitable  is  made  from  zinc  twice  distilled  and  cast  into  rods ;  the 
copper  is  jMrepared  by  electro-depoaiting  on  a  very  fine  copper  wire, 
until  a  cylinder  of  the  required  thickness  is  obtained. 
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The  value  of  the  electromotive  force  of  the  cell  depends,  to  a 
considerable  extent,  upon  the  density  of  the  solutions  used.  The 
latter  should  be  as  follows : — 

For  the  zinc  solution,  dissolve  555  grammes  of  chemicallj  piure 
sulphate  of  zinc  in  445  grammes  of  distilled  water.  This  solution 
should  have  a  specific  gravity  of  1*4  at  15*  C. 

For  the  copper  solution,  dissolve  88  grammes  of  chemically  pure 
sulphate  of  copper  in  417  grammes  of  distilled  water.  This  solution 
should  have  a  specific  gravity  of  1 '  1  at  15°  C. 

Especial  care  must  also  be  taken  to  lightly  electrotype  the  copper 
with  a  fresh  pure  surface  of  new  copper  the  instant  before  using. 
This  is  done  in  the  small  copper  voltameter  which  the  tube  M  forms, 
using  a  single  Leclanch6  cell  for  the  purpose.  The  pure  zinc  rod 
should  be  cleaned  with  new  glass-paper.  If  these  precautions  are 
carried  out  the  electromotive  force  of  the  cell  will  be  1*086  B.A. 
volts  (I'lOl  S.*  volts),  which  value  will  be  correct  within  the 
ordinary  ranges  of  temperature. 

Glabk's  Stanbabd  Cell. 

193.  In  this  cell  the  electromotive  force  is  that  due  to  pure  zinc 
opposed  to  pure  mercury,  the  two  metals  being  in  a  saturated  solution 
of  mercurous  sulphate  and  zinc  sulphate  in  water.  Actually,  the 
mercury  is  covered  with  a  paste  formed  of  mercurous  sulphate  in  a 
thoroughly  saturated  (not  st^/T^r-saturated)  solution  of  zinc  sulphate, 
and  the  zinc  rests  in  the  paste. 

The  best  method  of  forming  the  paste  is,  according  to  Lord 
Rayleigh,  as  follows  : — Rub  up  in  a  mortar  150  granmiesof  mercurous 
sulphate,  5  grammes  of  zinc  carbonate,  and  use  sufficient  zinc  sul- 
phate solution  (not  ^t^^^dr-saturated)  to  make  a  thick  paste  ;  leave  the 
whole  in  the  mortar  for  two  or  three  days,  occasionally  pounding  it 
up  in  order  to  allow  the  carbonic  anhydride  which  forms  to  escape. 
Dr.  A.  Muirhead,  who  has  had  a  very  lengthened  experience  with  the 
Clark  cells,  prefers  to  make  the  paste  as  follows  :  A  saturated  solution 
of  zinc  and  mercurous  sulphates  is  prepared  by  heating  gently  in  the 
saturated  solution  of  zinc  sulphate  a  portion  of  the  mercurous 
sulphate,  adding  thereto  a  little  free  mercury  to  preserve  the  basicity 
of  the  mercurous  salt ;  mercurous  sulphate  is  then  mixed  into  a  paste 
with  the  solution  so  prepared.  The  mercurous  sulphate  can  be  obtained 
commercially  ;  but  it  may  be  prepared  by  dissolving  pure  mercury  in 
excess  in  hot  sulphuric  acid  at  a  temperature  below  boiling-point. 

*  See  Note,  page  183. 


ELECTROMOTIVE   FORCE   OF  BATTERIES.  179 

The  salt,  which  is  a  nearly  insoluble  white  powder,  should  be  well 
washed  in  distilled  water,  and  care  should  be  taken  to  obtain  it  free 
from  the  mercuric  sulphate  (persulphate),  the  presence  of  which  may 
be  known  by  the  mixture  turning  yellowish  on  the  addition  of  water. 
The  careful  washing  of  the  salt  is  a  matter  of  essential  importance,  as 
the  presence  of  any  free  acid,  or  of  persulphate,  produces  an 
irregularity  in  the  electromotive  force  of  the  cell  for  some  time  after 
charging.  The  paste  (of  the  consistence  of  cream)  is  poured  on  to  the 
surface  of  the  mercury  (which  should  have  been  distilled  in  vacuo)  ; 
a  piece  of  pure  zinc  is  then  suspended  in  the  paste,  and  the  vessel 
sealed  up  with  marine  glue  {not  paraffin  wax).  Contact  with  the 
mercury  may  be  made  by  means  of  a  platinum  wire  passing  down  a 
glass  tube  and  dipping  below  the  surface  of  the  mercury. 

Board  of  Tbadb  SPEOinoATiOM  tor  the  Prepabatiom  of  thb  Clark  Cell. 

BefinUim  of  the  CeU. 

194.  The  cell  oonBlBts  of  zino  and  mercnry  in  a  nentral  saturated  solution  of 
zinc  sulphate  aod  mercurous  sulphate  in  water,  prepared  with  merourous  sul- 
phate in  excess,  and  is  conveniently  contained  in  a  cylindrical  glass  vessel. 

Preparation  of  the  MaienaU. 

(1)  The  Mercury. — To  secure  purity  it  should  first  he  treated  with  acid  in  the 
usnal  manner,  and  subsequently  diBtilled  in  vacuo. 

(2)  The  Zinc. — Take  a  portion  of  a  rod  of  pure  redistilled  zino,  solder  to  one 
end  a  piece  of  copper  wire,  clean  the  wliole  with  glass  paper  or  a  steel  burnisher, 
carefuUy  removing  any  loose  pieces  of  the  zinc  Just  before  making  up  the  cell 
dip  the  zinc  into  dilute  sulphuric  acid,  wash  with  distilled  water,  and  dry  with 
a  clean  doth  or  filter  paper. 

(3)  The  Mereurou9  Sulphate. — Take  mercurous  sulphate,  purchased  as  pure, 
mix  with  it  a  small  quantity  of  pure  mercury,  and  wash  the  whole  thoroughly 
with  cold  distilled  water  by  agitation  in  a  bottle ;  drain  off  the  water,  and 
repeat  the  process  at  least  twice.*  After  the  last  washing,  drain  off  as  much  of 
the  water  as  possible. 

(4)  The  Zino  Sulphate  Solution. — Prepare  a  neutral  saturated  solution  of  pure 
{^piire  re-crystuUised  ")  zinc  sulphate  by  mixing  in  a  flaek  distilled  water  with 
nearly  twice  its  weight  of  crybtals  of  pare  zinc  sulphate,  and  adding  zinc  oxide 
in  the  propoi-tion  of  about  2  per  cent.  l)y  weight  of  the  zinc  sulphate  crystals  to 
neutralise  any  free  acid.*  The  crystals  should  be  dissolved  with  the  aid  of 
gentle  bent,  but  the  temperature  to  which  the  solution  is  raised  should  not 
exceed  30^  G.  Mercurous  sulphate  treated  as  described  in  (3)  should  be  added 
in  the  proportion  of  about  12  per  cent,  by  weight  of  the  zinc  sulphate  crystals  to 
neutralise  any  free  zino  oxide  remaining,  and  the  solution  filtered,  while  still 
-warm,  into  a  slock  bottle.    Crystals  should  form  as  it  cools. 

(5)  The  Mercurous  Sulphate  and  Zine  Sulphate  Paete. — Mix  the  washed  mer- 
cnrona  sulphate  with  the  zinc  sulphate  solution,  adding  sufficient  crystals  of 

*  See  Notes,  page  1 80,  et  seq. 
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zino  sulphate  from  the  atook-bottle  to  insure  saturation,  and  a  small  quantity  of 
pure  mercury.  Shake  these  up  well  together  to  form  a  paste  of  the  oonsistenoe 
of  cream.  Heat  the  paste,  but  not  above  a  temperature  of  80^  G.  Keep  the 
paste  for  an  hour  at  this  temperature,  agitating  it  from  time  to  time,  then  allow 
it  to  cool ;  continue  to  shake  it  ocoosioually  while  it  is  cooling.  Crystals  of  zino 
sulphate  should  then  be  distinctly  visible,  and  should  be  distributed  throughout 
the  mass ;  if  this  is  not  the  case  add  more  crystals  from  the  stock-bottle^  and 
repeat  the  whole  process. 

This  method  insures  the  formation  of  a  satumted  solution  of  zino  and 
merourous  sulphates  in  water. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum  wire  about  No.  22 
gauge.  This  is  protected  from  contact  with  the  other  materials  of  the  cell  by 
being  sealed  into  a  glass  tube.  Tlie  ends  of  the  wire  project  from  the  ends  of 
the  tube ;  one  end  forms  the  terminal,  the  other  end  and  a  portion  of  the  glass 
tube  dip  into  the  mercury. 

To  Set  Up  the  Cell 

The  cell  may  conveniently  be  set  up  in  a  small  test-tube  of  about  2  cm. 
diameter  and  4  or  5  cm.  deep.  Place  tlie  mercury  in  tlie  bottom  of  this  tube. 
filling  it  to  a  depth  of  say  0  *  5  cm.  Cut  a  cork  about  0  *  5  cm.  thick  to  fit  the  tube  ; 
at  one  side  of  the  cork  bore  a  hole  through  which  the  zinc  rod  can  pass  tightly ; 
at  the  other  side  bore  another  hole  for  tbe  glass  tul>e  which  covers  the  platinum 
wire ;  at  the  edge  of  the  cork  out  a  nick  through  which  the  air  can  pass  when 
the  cork  is  pushed  into  the  tube.  Wash  the  cork  thoroughly  with  warm  water, 
and  leave  it  to  soak  in  water  for  some  hoars  before  use.  Pass  the  zinc  rod  about 
1  cm.  through  the  cork. 

Clean  the  glass  tube  and  platinum  wire  carefully,  then  heat  the  exposed  end 
of  the  platinum  red>hot,  and  insert  it  in  the  mercury  in  the  test-tube,  taking  care 
that  the  whole  of  the  exposed  platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the  upper  part  of 
the  walls  of  the  test-tube,  filling  the  tube  aboTe  the  mercury  to  a  depth  of  rather 
more  than  1  cm. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube  through  the  hole 
prepared  for  it.  Push  the  cork  gently  down  until  its  lower  surface  is  nearly  in 
contact  with  the  liquid.  The  air  will  thus  be  nearly  all  expelled,  and  the  cell 
should  be  left  in  this  condition  for  at  least  24  hours  before  sealing,  which  diould 
be  done  as  follows : — 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its  own  weight* 
and  pour  it  into  the  test-tube  above  the  cork,  using  sufQoient  to  cover  completely 
the  zinc  and  soldering.  The  glass  tube  containing  the  platinum  wire  should 
project  some  way  above  the  top  of  the  marine  glue. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  manner.  It  is  con- 
venient to  arrange  the  mounting  so  that  the  cell  may  be  immersed  in  a  water- 
bath  up  to  the  level  of,  say,  the  upper  surface  of  the  oork.  Its  temperature  can 
then  be  determined  more  accurately  than  is  possible  when  the  cell  is  in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as  far  as  possible  be 
avoided. 

Notes, 

The  Zine  Sulphate  Soluiion. — The  object  to  be  attained  is  the  preparation  of 
a  neutral  solution  of  pure  zino  sulphate  saturated  with  ZaS04.7H,0. 

At  temperatures  above  30°  C.  the  zinc  sulphate  may  crystallise  out  in  another 
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fonn ;  to  avoid  this,  80^  C.  should  be  the  upper  limit  of  temperature.  At  this 
tempezature  water  will  dissolve  about  1  '9  times  its  weight  of  the  crystals.  If 
any  of  the  crystals  put  in  remain  undissolved  they  will  be  removed  by  the 
filtration. 

The  zinc  sulphate  should  be  free  firom  iron,  and  should  be  tested  before  use 
with  sulphocyanide  of  potassiom  to  ascertain  that  this  condition  is  satisfied.  If 
an  appreciable  amount  of  iron  is  present,  it  should  be  removed  by  the  metliod 
given  in  the  Instructions  for  setting  up  Clark's  Cells  issued  from  the  Physical 
Technical  Institute  of  Berlin,  Zeitaohrift  fUr  Inslrumentenkunde,  1893,  Heft  5. 

The  amount  of  zinc  oxide  required  depends  on  the  acidity  of  the  solution, 
but  2  per  cent  will,  in  all  cases  wliicli  will  arise  in  practice  with  reasonably 
good  zinc  sulphate,  be  ample.  Another  rule  would  be  to  add  the  zinc  oxide 
gradually  until  the  solution  became  slightly  milky.  The  solution  when  put 
into  the  cell  should  not  contain  any  free  zinc  oxide ;  if  it  does  then,  when  mixed 
with  the  mercurous  sulphate,  zinc  sulphate  and  mercurous  oxide  are  formed; 
the  latter  may  be  deposited  on  the  zinc  and  affect  the  electromotive  force  of  the 
cell.  The  diflSculty  is  avoided  by  adding  as  described  about  12  per  cent,  of 
mercurous  sulphate  before  filtration ;  this  is  more  than  sufficient  to  combine  with 
the  whole  of  the  zinc  oxide  originally  put  in,  if  it  all  remains  free ;  the  mer- 
cuxous  oxide  formed  together  with  any  undissolved  mercurous  sulphate  is 
removed  by  the  filtration. 

The  Mercutmu  Sulphate, — The  treatment  of  the  mercurous  sulphate  has  for 
its  object  the  removal  of  any  mercuric  sulphate  which  is  often  preaent  as  an 
impurity. 

Meruurio  sulphate  decomposes  in  the  presence  of  water  into  an  acid  and  a 
basic  sulphate.  The  latter  is  a  yellow  snbstauoe — turpeth  mineral — practically 
insoluble  in  water;  its  presence,  at  any  rate  in  moderate  quantities,  has  no 
effect  on  the  celL  If,  however,  it  is  formed,  the  acid  sulphate  is  formed  also. 
This  is  soluble  in  water,  and  the  acid  produced  affects  the  electromotive  force. 
The  object  of  the  washings  is  to  dissolve  and  remove  this  acid  sulphate,  and  for 
this  purpose  the  three  washings  described  in  the  Specification  will  m  nearly  all 
cases  suffice.  If,  however,  a  great  deal  of  the  turpeth  mineral  is  formed,  it  shows 
that  there  is  a  great  deal  of  the  acid  sulphate  present,  and  it  will  then  be  wiser 
to  obtain  a  fresh  sample  of  mercurous  sulphate  rather  than  to  try  by  repeated 
washings  to  get  rid  of  all  the  acid. 

The  free  mercury  helps  in  the  process  of  removing  the  acid,  for  the  acid 
mercuric  sulphate  attacks  it,  forming  mercurous  sulphate  and  acid  which  is 
washed  away. 

Pure  mercurous  sulphate  when  quite  free  from  acid  shows  on  repeated 
washings  a  faint  primrose  tinge,  which  is  due  to  the  furmation  of  a  basic  mer- 
curous salt,  and  is  distinct  from  the  turpeth  mineral  or  basic  mercuric  sulphate. 
The  appearance  of  this  primrose  tint  may  be  taken  as  an  indication  of  the  fact 
that  all  the  acid  has  been  removed,  and  the  washing  may  with  advantage  be 
continued  until  this  primrose  tint  appears.  Should  large  quantities  of  this  basic 
mercurous  salt  be  formed,  the  sulphute  should  be  treated  as  described  in  the 
directions  already  quoted,  Zeitschri/t/ilr  InstrumenUnkunde,  J  893,  Heft  5. 

The  cell  may  l>e  sealed  in  a  more  permanent  manner  by  coating  tiie  marine 
glue,  when  it  is  feet,  with  a  solution  of  sodium  silicate,  and  leaving  it  to  harden. 

If  the  sides  of  the  test-tube  above  the  cork  be  soiled  by  the  introduction  of 
paste,  the  marine  glue  does  not  adhere  to  the  glass;  the  liquid  in  the  cell 
rises  by  capillary  action  between  tlie  glue  and  the  glass,  and  may  damage  the  cell. 
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The  rortn  of  the  tcmsI  c<»talni]ig  the  cell  tnaj  be  faried.  In  the  H  bxta 
derited  b;  Loid  BKfleigh,  md  modified  by  Dr.  Ktthle,  the  duo  ia  replaroed  by 
m  Miatlgva  at  10  porta  by  weight  of  zme  to  90  of  meroury.  The  other  mateii&la 
ahonid  be  prepared  u  already  dctoribed.  Contact  ii  made  with  the  amalgam  in 
one  leg  of  the  cell,  and  with  the  mercury  in  the  other,  by  mesiu  of  platumm 
wiiea  BOaled  throDgh  the  glau. 


MuiBHXAV's  Ihpbovbd  Clarr  Stakdabd  Cell. 

195.  The  naual  forms  of  the  Clark  cell,  eepecially  when  newly 
set  up,  are  miBiiitable  for  transport ;  the  mercury,  being  free,  is  apt 
to  leave  the  pladnom  wire  contact  when  the  cell  jb  inverted  or  upaet, 
and  to  faU  through  the  paste  into  contact  with  the  sine  rod,  thereby 
either  Bhort-circolting  the  cell  alt(^ether  or  destroying  the  ralae  of 
its  electromotlTe  force.  To  remedy  this  defect  Dr.  A.  Afairhead 
conBtmcta  the  cell  as  shown  by  Fig.  103.  A  is  a  flat  cloaely-wonnd 
Bpiral  of  pUtianm  wire  (shown  in  plan  in  the  lower  part  of  the  figure), 


which  has  been  coated  or  amalgamated  with  pure  mercury  either  by 
boiling  it  in  the  latter  or  by  dipping  the  spiral,  when  heated  red- 
hot,  into  mercury  ;  the  continnation  of  the  wire  is  sealed  into  the 
glass  cell,  forming  the  outer  connection.  Zn  is  a  rod  of  pure  sine 
supported  by  a  cork,  c,  covered  with  cement.  Inside  the  cell  is  placed 
the  paste,  p,  composed  of  pure  mercurous  Bolphate  and  a  saturated 
solution  of  pure  zinc  sulphate. 

Fig.  104  shows  a  very  compact  and  useful  form  of  this  standard. 
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The  f  onr  terminals  belong  to  two  entirely  difltinct  cells,  the  advantage 
being  that  the  two  cells  may  be  nsed  as  a  check  one  upon  the  other. 
A  thermometer  is  contained  within  the  box,  and  the  stem,  being  bent 
at  right  angles,  lies  in  a  groove  across  the  top  of  the  case.  By  this 
thermometer  the  temperature  at  the  time  of  the  reading  can  be 
ascertained. 

196.  The  electromotive  force  of  the  Clark  standard  cells  is, 
aooording  to  determinations  by  Lord  Bayleigh,  1*434  S.*  volts  at 
Id*"  G.  The  effect  of  change  of  temperature  is  to  change  the  value 
of  the  force  about  '077  per  cent,  per  degree  C,  that  is  to  say,  the 
electromotive  force  at  a  temperature  of  f  C.  is 

1-484  {1  -  -00077  (f  -  15')}  volts. 

The  following  table  shows  the  electromotive  force  at  various 
temperatures,  calculated  from  the  foregoing  formula  :  — 


Temp. 
OC. 

8.  Volte. 

Temp. 
»C. 

S.  Volta. 

Temp. 

«c. 

S.  Volte. 

0 

1-451 

11 

1-438 

22 

1-426 

1 

1-449 

12 

1-437 

28 

1-425 

2 

1-448 

13 

1-436 

24 

1-424 

8 

1-447 

14 

1-435 

25 

1-423 

4 

1-446 

15 

1-434 

26 

1-422 

5 

1-445 

16 

1-433 

27 

1-421 

6 

1-444 

17 

1-432 

28 

1-420 

7 

1-448 

18 

1-431 

29 

1-419 

8 

1-442 

19 

1-430 

30 

1-417 

9 

1-441      ' 

20 

1-429 

81 

1-416 

10 

1-440 

1    21 

1 

1-427 

32 

1-415 

197.  In  order  that  the  force  in  the  Clark  cells  may  preserve  its 
value,  constant  care  must  be  taken  that  the  cells  are  not  worked 
through  a  low  resistance.  It  is  necessary,  therefore,  in  employing 
them,  to  take  care  that  they  are  only  used  in  circuits  of  a  very  high 
resistance,  or  for  charging  a  condenser,  or  are  balanced  by  a  second 
battery,  as  in  Clark's  electromotive  force  test  (page  222). 


Carhart's  Standarp  Cell. 

198.  In  this  cell  zinc  chloride  and  mercurous  chloride  (calomel) 
take  the  place  of  the  zinc  sulphate  and  mercurous  sulphate  used  in 
the   Clark   cell.     By  adjusting  the  concentration  of  the  solution 

*  Standard,  or  Board  of  Trade  volts. 
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Professor  Carhart  has  been  able  to  obtain  a  cell  which  gives  ahnoBt 
exactly  1  volt  electromotive  force  (1-0005  to  1 -0011  volte  at  20°  C), 
and  the  temperatare  coefficient  of  which  is  almost  negligible,  being 
ahont  one-eighth  that  of  the  normal  Clark  cell.* 


CiUHIint   SXANDABfi  CeLL. 

199.  This  cell,  originally  sngge8t«d  by  Mr.  Weston,  possesses  the 
great  merit  of  a  temperature  coefficient  which  is  practically  negligible 
over  the  ranges  of  temperature 
usually  found  in  a  physical  labora- 
tory. The  electromotive  force  is 
1-0195  S.  volte  at  18°C.,and  the 
mean  temperature  coefficient  for 
range  18°  -  S2°  C,  is  -  -00002 
volt  per  rise  in  temperature  of 

rc. 

Fig.  105  shows  one  of  these 
cells  as  made  by  the  Cambridge 
Scientific  Instroment  Co. 


(I)  The  Mereurf. — Tiie  commercial 
mercury  Bbould  be  Bqueeied  through 
wash-lektbar  anil  paaacii  in  the  flnelj 
divided  coDditiuii  in  which  it  emergea. 
first  through  dilate  nitric  acid  (I  to  6 
of  maier)  and  mi-rourona  uittate  soln- 
tion,  and  aftenrardi  through  diiitiUed 
J    ,.,      _  iii^Bi' i^^^^ll  water,  both  liquids  being  oonTenieDtly 

'JW      '  r^l  I^^^B^  conUiued  in   long   gliua  tubes.    The 

W       ^  ^~~. J^H|^^H^^^^- '  Dietoury  is  then  to  be  tniee  distilled 

'i  ^^^v^^^^^V^^  in  tiaeaa.     Meroory  soapectcd  of  ab- 

normal ooutanii nation  should  Bot  be 
employed. 
FiO-  105-  (2)  Tim  Amal^m.    Type  A.— ThU 

is  a  12^  prr  oent.  amalgan,  and  is 
intended  for  all  commercial  celb.  The  method  of  preparatiun  ia  practicaUy 
identical  witli  that  used  by  ProreeaoT  Carhart.  A  carrent  is  passed  from  a  thick 
rod  of  pure  commercial  cadmium  to  distilled  mercury,  the  iutervening  liquid 


ELECTROMOTIVE  FORCE  OF   BATTERIES.  185 

being  cadmium  salphate  solution  rendered  slightly  acid  with  a  few  drops  ot 
HfSO^.  The  kathode  is  weighed  before  deposition  takes  place,  and  again  after- 
wards, the  percentage  of  cadmium  in  the  amalgam  being  thus  calculable.  More 
than  the  requisite  amount  should  always  be  deposited,  and  the  percentage  re- 
duced to  12}  by  the  addition  of  more  mercury.  The  fall  of  potential  from  anode 
to  kathode  should  not  exceed  0*3  Tolt.  To  preyent  the  anode  slime  liaving 
access  to  the  kathode  it  is  desirable  to  surround  the  anode  with  a  small  porous 
pot,  as  in  the  Richards  silver  yoltameter,  or  to  place  a  small  crystriUising  dish 
beneath  it  for  the  anode  powder  to  settle  in.  Contact  with  the  kathode  is  made 
with  a  platinum  wire  sealed  into  a  glass  tube  so  as  to  protect  it  from  direct  con- 
tact with  the  cadmium  sulphate  solution,  and  a  rough  estimate  of  the  quantity 
of  cadmium  deposited  is  obtained  from  the  readings  of  an  ammeter  placed  in  the 
cironit  The  amalgam  so  prepared,  together  with  the  mercury  added  to  reduce 
the  percentage  of  cadmium  to  12 J,  is  now  heated  on  a  water-bath  and  stirred  so 
as  to  insure  homogeneity,  some  cadmium  sulphate  solution  still  flooding  tlie 
•urfaoe.  It  is  then  cooled,  and  the  acid  sulphate  remoyed,  neutral  cadminm 
sulphate  solution  taking  the  place  of  the  latter,  and  consisting  of  saturated 
solution  plus  an  equal  volume  of  distilled  water.  Thia  12}  per  cent  amalgam  is 
then  ready  for  use,  and  is  entirely  liquid  at  a  temperature  approximating  to 
6(PC. 

(8)  The  Cadmium  Sulphate  Orydah  and  Solutum. — Procure  commercially 
pure  cadmium  sulphate  CdSO^S/SHjO.  Dissolve  in  about  1}  times  its  weight  of 
distilled  water,  agitating  either  continuously  for  about  six  hours,  or  occasionally 
for  two  or  three  days.  Filter  through  a  fine  grained  filter  paper  so  as  to  insure 
a  clear  solution,  which  should  then  be  placed  in  a  number  of  crystallising  dishes 
and  evaporation  allowed  to  take  place  slowly  at  a  temperature  not  exceeding 
35®  C,  when,  provided  that  dust  be  excluded,  many  transparent  crystals  of 
CdSO^S/SH^O  will  result  These  shonld  be  prevented  as  much  as  possible  from 
adhering  to  one  another  by  removing  the  liquid  to  other  dishes  as  soon  as  the 
crystals  are  of  such  a  size  that  most  of  them  are  in  contact.  In  this  way  about 
five-sixths  of  the  liquid  may  be  evaporated,  the  mother  liquid  being  employed 
for  a  preliminary  washing  of  the  mercurous  sulphate,  the  manufacture  of  which 
is  afterwards  described.  The  crystals  of  cadmium  sulphate  so  obtained  should 
be  washed  with  successive  small  quantities  of  distilled  water  until  after  standing 
for  five  minutes  no  trace  of  acidity  can  be  detected  witli  congo  red.  The  crystals, 
still  moist,  may  then  be  transferred  to  a  stock  bottle.  To  prepare  the  final 
solution  agitation  with  distilled  water  is  recommended  as  before,  the  temperature 
being  preferably  5®  or  l(f^  higher  than  the  normal  temperature,  so  as  to  insure 
saturation.  On  no  account  should  cadmium  hydroxide  be  employed  to  neutralise 
the  first  solution,  which  is  invariably  acid  :  nor  indeed  should  any  attempt  be 
made  to  neutralise  the  solution  except  by  crystallisation. 

(4)  2^  Mereurous  SuLphate  Paste. — Add  15  c.c.  of  pure  strong  nitric  acid  to 
100  grm.  of  pure  mercury,  and  place  on  one  side  until  the  action  is  over. 
Transfer  the  mercurous  nitrate  thus  formed,  to  a  beaker  containing  about  200  c.c. 
of  dilate  nitric  acid  (1  of  acid  to  40  of  water  by  volume).  Prepare  about  I  litre 
of  dilute  sulphuric  acid  (1  of  acid  to  8  of  water  by  volume),  and  while  the 
mixture  is  hot  add  the  mercurous  nitmte  solution  to  it.  The  £olution  should  be 
added  as  a  very  fine  stream  from  the  narrow  orifice  of  a  pipette,  and  the  mixture 
violently  agitated  during  the  mixing.  Mercurous  sulphate  is  precipitated,  and 
rapidly  settles  when  the  stirring  ceases.  Decant  the  hot  clear  liquid,  and  wash 
the  precipitate  twice  by  decautation  with  dilute  sulphuric  acid  (1  of  acid  to  6  of 
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water  by  yolume).  The  precipitate  shonld  then  be  filtered.  Wash  three  tinies 
with  dilate  sulphnrio  acid  (1  to  6),  and  afterwards  six  or  seven  times  with 
saturated  cadmiam  solphate  solution  to  remove  the  acid.  After  each  waahing^ 
the  liquid  should  be  removed  as  completely  as  possible  by  the  filter  pump. 
When  these  operations  are  complete  the  mercurous  sulphate  is  flooded  with 
saturated  cadmixmi  sulphate  solution  and  left  for  one  hour ;  the  solution  is  then 
tested  for  acidity  with  oongo  red  paper.  In  g*  neral,  no  acid  will  be  detected^ 
and  the  mercurous  sulphate  is  ready  for  use.  If  acid  is  detected,  the  washing 
must  be  continued. 

Form  oj  CeU. 

The  H  form  of  cell,  Fig.  106,  due  to  Lord  Bayleigh,  Ib  the  most  convenient, 
and  is  In  general  use.    The  electrodes  pass  through  glass  tubes,  into  the  lower 

ends  of  which  they  are  sealed.  The  glass 
tubes  through  which  the  electrodes  ar& 
introduced  pass  through  corks  which  have 
been  previously  boiled  in  water  and  soaked 
in  cadmium  sulphate  solution;  In  addition 
to  the  hole  allowing  of  the  passage  of  the 
electrodes,  a  second  hole  is  bored  through 
these  corks  for  the  passage  of  small  glaaa 
pipettes.  After  the  oell  is  filled,  these 
additional  holes  are  fitted  with  small  corks, 
and  the  cell  is  finally  sealed  with  mtirine 
glue,  so  that  it  can,  if  required,  be  immereed 
in  ice  or  water. 

In  filling  the  vessels  it  is  convenient  to 
use  small  pipettes  made  of  two  glass  tubes, 
the  one  about  3  inches  long  and  \  inch  in 
diameter,  and  the  other  about  2  inches  long- 
and  \  inch  in  diameter.  If  the  larger  tube 
has  one  end  drawn  out  in  the  form  of  a  oone, 
a  junction  is  easily  made.  The  amalgam  of 
type  A  is  melted  over  a  water-bath  (its 
surface  being  flooded  with  dilute  cadmium 
sulphate  solution),  and  is  introduced  by 
means  of  a  previously  warmed  pipette,  into 
one  of  the  limbs.  After  the  amalgam  haa 
solidified,  this  limb  should  be  washed  out 
with  a  little  fresh  cadmium  sulphate  solu- 
tion. If  the  amalgam  of  type  B  is  used,  this 
washing  is  unnecessary.  The  mercury  ia 
next  introduced  into  the  other  limb,  then  the 
paste,  using  if  necessary  a  tiny  glass  rod  as  a  piston  through  the  pipette,  and 
afterwards  a  thick  layer  of  finely  powdered  crystals  is  introduced  into  each  limb. 
Saturated  cadmium  sulphate  solution  Ib  finally  added.  The  cells  are  then  to  be 
exposed  in  a  warm  room  for  a  week  or  more,  to  allow  some  of  the  liquid  to 
evaporate,  and  so  loosely  cement  together  the  fine  crystala  This  crystalline 
plug  keeps  the  contents  in  their  proper  places,  and  enables  the  cell  to  be  trans- 
mitted through  the  poet.  The  sealing  of  the  cells  is  next  completed,  care  being 
taken  not  to  abnormally  heat  the  contents. 


^^ 


Fio.  106. 
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Electrokotiyk  Forge  Measurements. 

200.  To  measare  the  electromotive  force  of  a  battery,  we  have  to 
compare  it  with  a  standard  of  one  or  more  cells,  and  having  thug 
ascertained  the  relative  valnes  of  the  two,  the  electromotive  force  of 
the  battery,  in  volts,  is  obtained  by  an  ordinary  proportion  sum. 

F(yr  example. 

The  relative  electromotive  forces  of  a  battery  and  three  standard 
Clark  cells,  at  IS""  0.,  were  found  to  be  as  1  *  84  to  1 ;  what  was  the 
electromotive  force,  in  volts,  of  the  battery  ? 

1-25:1  ::3  x  1-431  :X; 
therefore 

a;  =L^4A:M1  =  8-20  volts. 
1-34 


Equal  Resistance  Method. 

201.  Let  there  be  two  batteries,  whose  electromotive  forces  E^ 
and  Eg  are  to  be  compared.  Join  up  battery  E^  with  a  tangent 
galvanometer  and  resistance  in  simple  circuit,  as  shown  by  Fig.  96 
(page  154).  All  the  plugs  between  A  and  0  being  inserted^  the 
infinity  plug  between  A  and  D  being  removed,  and  the  connections 
being  made,  depress  the  right-hand  key,  and  remove  a  sufficient 
number  of  plugs  from  between  D  and  E  to  obtain  a  convenient  de- 
flection on,  say,  the  tangent  scale  of  the  galvanometer.  Note  this 
deflection — ^let  it  be  d^  divisions  ;  and  also  note  the  total  resistance 
(B)  in  circuit — that  is,  the  resistance  between  D  and  E,  plus  the  re- 
sistance of  the  galvanometer,  plus  the  resistance  of  the  battery 
(which  must  be  determined  beforehand).  Now  remove  battery  Ej, 
and  insert  battery  Eg  in  its  place,  and  if  this  battery  has  a  different 
resistance  to  E^,  readjust  between  D  and  E  so  that  total  resistance  in 
circuit  is  the  same  as  it  was  at  first.  Again  note  the  deflection  of 
the  galvanometer  needle — ^let  it  be  ^g  divisions.  Then  if  Cj  be  the 
current  producing  the  deflection  ^,  and  Cj  the  current  producing 
the  deflection  d^^  we  must  have  by  Ohm's  law  (§  8,  page  1), 

Ci=A,    and,    0,=^, 
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therefore 

or  since  d^  and  do  are  directly  proportional  to  C^  and  Oj,  we  must 
have 

El  :  E2  : :  ^1  :  d^. 

For  example. 

With  a  tangent  galvanometer,  whose  resistance  was  lOO**,  and 
battery  E^,  whose  resistance  was  TO**,  we  obtained,  with  a  resistance 
of  1830"  (total,  100  +  70  +  1830  =  2000),  in  the  resistance  box,  a 
deflection  of  50  divisions  on  the  tangent  scale  of  the  galvanometer  ; 
and  with  battery  Eg,  whose  resistance  was  50**,  we  obtained,  with  a 
resistance  of  1850~  (total,  100  +  50  +  1850  =  2000,  as  before),  in 
the  resistance  box,  a  deflection  of  40  divisions ;  then 

El :  E2  : :  50  :  40, 
or  as 

1-25  to  1. 

If  the  deflections  are  read  on  the  degrees  scale  of  the  tangent 
galvanometer,  then  d^  and  £?2  must  be  the  tangents  of  the  deflections. 

In  cases  where  the  resistance  of  the  batteries  whose  electromotive 
forces  are  to  be  compared  are  very  small,  we  may,  by  using  a  very 
high  resistance,  pmctically  regard  the  total  resistance  in  circuit  as 
being  the  same,  whatever  battery  we  use.  The  deflections  then 
obtained  with  any  number  of  different  batteries  will  represent  their 
comparative  electromotive  forces.  The  galvanometer  will,  in  this 
case,  of  course  have  to  be  one  with  a  high  figure  of  merit  (page  98). 

202.  The  best  conditions  for  making  the  testy  and  the  possibh 
degree  of  accuracy  attainable,  are  almost  obvious ;  they  are — 

Best  Conditions  for  making  the  Test, 
Make  the  resistances  in  the  circuits  as]high  as  possible. 

Possible  Degree  of  Accuracy  attainable. 

If  we  can  be  certain  of  the  value  of  the  two  deflections  to 
accuracies  of  h\  and  h'o  per  cent,  respectively,  then  we  can  be  certain 
of  the  relative  values  of  the  two  electromotive  forces  to  accuracy  of 
h\  +  S'g  per  cent. 


electroxmotive  force  of  batteries.  189 

Equal  Dbflbction  Method. 

203.  Join  up  as  in  the  last  method,  and  having  noted  the  deflec- 
tion and  total  resistance  in  circuit  (Rj)  with  battery  Ej,  remove  it 
and  insert  battery  E2  in  its  place.  Now  readjust  resistance  between 
D  and  E,  until  the  deflection  of  the  galvanometer  needle  becomes  the 
same  as  it  was  at  first.  Note  the  resistance  in  circuit  (R2) ;  then 
calling  C  the  current, 

G  =  l\    and     0  =  ?*. 

that  is 

EiiEgrrRiiEg. 

or  the  electromotive  forces  of  the  batteries  are  directly  as  the  total 
resistances  that  are  in  circuit  with  the  respective  batteries. 

For  example. 

With  a  galvanometer  whose  resistance  was  100",  and  a  battery  E^ 
whose  resistance  was  50"»  we  obtained,  with  a  resistance  of  2350** 
(total,  100  +  50  +  2850  =  2500),  in  the  resistance  box,  a  deflection 
of  40° ;  and  with  a  btittery  Eg,  whose  resistance  was  70",  it  was 
necessary,  in  order  to  bring  the  galvanometer  needle  again  to  40°,  to 
have  a  resistance  of  1830*"  (total,  100  +  70  +  1830  =  2000),  in  the 
resistance  box ;  then 

El :  Eg  : :  2500  :  2000, 
or  as 

5  to  4. 

An  advantage  in  this  test  is  that  it  can  be  made  with  a  galvano- 
meter the  relative  values  of  whose  deflections  are  unknown. 

The 

Best  Conditions  for  making  the  Test 
and  the 

Possible  Degree  of  Accuracy  attainable 

are  the  same  as  in  the  last  test. 

"Wiedemann's  Method. 

204.  In  Pig.  96  (page  154)  join  the  zinc  pole  of  battery  E^  to  D, 
as  shown,  and  the  other  pole  to  the  zinc  pole  of  battery  E^  whose 
other  pole  in  turn  is  to  be  joined  to  C.    Adjust  the  resistance  so  as 
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to  obtain  a  high  deflection  on  the  tangent  scale  of  the  galvanonoieter. 
Let  the  current  producing  this  deflection  be  0  ;  then 

C  -    -^_, 

where  B  is  the  total  resistance  in  the  circuit.  Now  reverse  battery 
Eg  (the  weaker  one)  so  that  the  two  batteries  oppose  one  another — 
we  shall  then  get  a  smaller  deflection  due  to  a  current  C, ;  then 

From  these  two  equations  we  get 

BiC  -  EgC  =  EiO, +  E2O,, 

that  is, 

EiiEaZiC  +  0,:C  -  C,, 

or,  substituting  the  deflections  d,  d^,  for  current  strengths  C,  G,, 

^I'.T&^zid  +  d^id  -  d,. 

For  example. 

Two  batteries  Ej  and  Eg  being  joined  up  together  in  simple  cir- 
cuit, we  obtained,  by  adjusting  the  resistance  in  the  resistance  box,  a 
deflection  of  72  divisions  (d)  on  the  tangent  scale  of  the  galvano- 
meter; and  with  the  same  resistance  in  circuit  we  obtained,  on 
reversing  battery  Eg,  a  deflection  of  8  divisions  (d^)  ;  then 

Ej  :  Eg  : :  72  +  8  :  72  -  8, 

::      80      :      64, 

or  as 

1-25  to  1. 

If  the  deflections  are  read  on  the  degrees  scale  of  a  tangent 
galvanometer,  then  d  and  d^  must  be  the  tangents  of  the  deflections. 

205.  In  order  to  make  the  test  as  accurately  as  possible  under 
the  last  conditions,  the  resistance  in  the  circuit  should  be  so  adjusted 
that  the  two  deflections  make  approximately  equal  angles  on  opposite 
sides  of  45°  (§  44,  page  83).  The  more  resistance  it  is  possible  to 
place  in  the  circuit  of  the  batteries  the  better,  since  the  tendency  of 
the  latter  to  polarise  is  thereby  reduced  to  a  minimum. 
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206.  Wiedemann's  method  is  a  very  satisfactory  one,  sinoe  it  is 
absolutely  independent  of  the  resistance  of  the  two  batteries ;  thus 
one  battery  might  have  a  resistance  of  a  fraction  of  an  ohm  only  and 
the  other  a  resistance  of  several  thousand  ohms,  yet  this  would  in  no 
way  afifect  the  correctness  of  the  results,  but  to  avoid  errors  due  to 
polarisation  it  is  necessary  with  some  batteries  to  include  several 
thousand  ohms  in  the  circuit ;  if  the  galvanometer  used  be  one  with  a 
high  figure  of  merit  (page  98)  this  can  always  be  done. 

207.  The  po9»{bU  degree  of  aeeuraey  attainable  in  making  the  test  is  largely 
dependent  upon  the  relative  values  of  the  two  electromotive  forces.  Let  ns 
first  suppose  that  the  deflections  are  read  in  divUionet  and  let  us  suppose  that 
there  is  a  possible  error  9  in  both  deflections.  Now  if  we  take  both  errors  to  be 
of  similar  signs,  then  we  should  have  a  total  absolute  error  of  2  9  in  the  quantity 
(d  +  d,\  but  if  one  error  were  plus  and  the  other  minus,  then  we  should  have  a 
total  absolute  error  of  2  9  in  the  quantity  (d  —  d,).  But  the  latter  quantity  must 
be  smaller  than  (d  +  d,),  therefore  an  absolute  error  2  d  in  its  value  must 
represent  a  greater  percentage  error  in  the  relative  values  of  E,  and  E^  than 
would  be  the  case  if  the  same  absolute  error  were  in  (d  +  d^).  As  we  must  assume 
the  reeultant  error  to  be  the  greatest  poesible,  we  must  therefore  take  the  error  2  8 
to  be  in  the  quantity  {d  —  d,). 

Lety  then,  \  be  the  error  in  the  relative  values  of  Ej  and  E^  that  is,  in  =1 
caused  by,  say,  an  error  9  in  d,  and  an  error  —  9  in  d^  then  we  have 


therefore 


X 


E,  (d  +  8)  «  (rf^  -  9)      d  -  d,  +  2  9* 

__  Ej  d  -i-  df  ^  "^  ^/  _       d  -]r  d, 


E.      d  -d,  +  2d~  d-d,      d  —  d,  +  2  9 

.  29(d  +  d,) 

(d  +  d,)Cd-d,  +  29)' 


or,  sinoe  2  9  is  very  small,  we  may  say 


\  = 


_29(d  +  d,) 


(d  -  d,y 
If  we  put  the  percentage  for  the  absolute  value  of  \,  that  is,  if  we  have 


then  we  get 


X-    ^'_  of -%-=--     X^-^J*' 
100      X      100      d-d; 


X'        d  +  d,     2  9fd  f  d,) 


100  ^  d  -  d,  ~  (d  -  dj«  ' 
that  is  to  say 


V  =  l^.  [A] 
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For  exampie. 

In  the  example  given  on  page  190  the  defleotious  oonld  each  be  read  to  aii 
accuracy  of  J  of  a  division ;  what  was  the  degree  of  accuracy  with  which  the 

value  of  „^  could  be  determined  ? 

,^2xixioq^.7g         „t 

72  -  8  ^ 

If  d,  is  small  compared  with  d,  then 

We  can  see  from  equation  [A]  that  unless  d,  is  small  compared  with  d,  the  accu- 
racy with  which  the  test  can  be  made  will  be  but  small ;  for  if  d,  approaches  in 
value  to  d,  then  d  —d,  becomes  very  small,  that  is,  V  becomes  large.  In  order 
that  d,  may  be  as  much  smaller  than  d  as  possible,  E,  and  E,  must  be  as  nearly 
equal  as  possible  ;  the  test  therefore  will  not  be  u  satisfactory  cue  unless  such  is 
the  case. 

If  d,  is  small  compared  with  d,  then 

^,      25  100 

or  if  we  put  the  percentage  instead  of  the  absolute  value  of  9,  that  is  if  we  have 

a  =  41;  of  d, 
100 

then  wo  get 

V  =  2  «', 

BO  that  under  the  best  conditions  for  making  tlie  test  the  accuracy  with  which 

E, 
the  value  of  rrr  could  be  determined  would  be  but  one-half  the  accuracy  with 

which  the  higher  deflection  oonld  be  observed. 

208.  To  determine  the  degree  of  accuracy  attainable  in  the  case  where  the 

readings  are  made  from  the  degnee  scale  of  a  tangent  galvanometer,  we  must  in 

the  preceding  investigation  substitute  tangents  for  divisions  of  deflections.    Thus 

we  have 

Ej  _.  tan  (d°  +  gQ)  +  tan  (d,<>  4-  8^) 

E,  "         tan  (d°  4-  «°)  -  tan  (d,°  +  «°)' 

or 

_  tan^d°  +  tand o       tan (d?  +  ^°)  +  tan (df"  -  8°) 
tan  d^  -  ttin  d,°  "  tan(d°  +  5^)  -  tan  (d,°  -  B'^)' 

If  in  this  equation  we  put 

^     ^     ^       1  -  d^  tan «°  ' 
and 

tan(d--n=  tandO-tan5- 
win^a        oj       i^tand°tan5^' 

we  get 

2  tan  8°  [(tanjd<>  +Jan  d,°)  (1  +  tan  d^  tan  d,°)  +  X] 
(tan  d°  -  tan  d,°)  (tan  d°  -  tan  d,°  +  Y) 
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where  X  and  T  are  a  number  of  factors  of  tan  9^.    But  since  tan  5°  is  very  small, 
we  may  pat  X  and  Y  equal  to  0,  in  which  case  we  have 

^  __  2  tan  «°  (tan  (i°  +  tan  d,^      1  +  tan  d°  tan  d,° 
tan  d^  -  tan'd,°  tan  d^  -  tan  d,°" 

_  2  tan  5°  (tan  d^  +  tan  d,®)  1 


tan  d°  -  tan  d,°  tan  (d^*  -  d,°) 

If  we  put  the  percentage  for  the  absolute  Talue  of  X,  that  is.  If  we  have 

A  =  J^  of  ^J  =  -^  X  ten  d°  4-  tan  d,^ 
100      E,      100      tan  iF  -  tan  d,- ' 

then  we  get 

. ,  _    2  tan  9°  100  pot 

^  -  tan  (d-  -  d,°)-  ^Jij 

JPor  example. 

In  comparing  the  electromotiTe  forces  of  two  batteries  by  Wiedemann's 

method,  the  deflections  obtained  on  the  degrees  scale  of  a  tangent  g^vanometer 

were  71° and  18°  respectively;   what  were  the  relative  electromotive  forces  of 

the  batteries,  and  what  would  have  been  the  degree  of  accuracy  with  which  the 

E 
TBiae  of  -3  could  be  determined  ?    The  value  of  the  deflections  could  be  read  to 

an  accuracy  of  J°. 

E, :  E, : :  tan  71°  +  tan  18°  :  tan  71°  -  tan  18°, 

or  as 

2-9042  +  -3249    to    2*9042  -  -8219, 

thai  is,  as 

1-25    to    1; 

4 

also 

^,^2xtani°xl00^2j<^4363^gg        ^^^^ 
tan  (71° -18=)  1-8270         "    P«^  ^     «- 

Like  equation  [A]  (page  191),  equation  [B]  shows  that  unless  d,°  is  small  com- 
pared with'  d°,  the  test  cannot  be  made  with  a  high  degree  of  accuracy. 
To  sum  up»  then,  we  have 


Best  Conditions  for  making  the  Test 

209.  To  obtain  satisfactory  results,  E^  and  E^  should  be  as  nearly 
as  possible  equal. 

As  much  resistance  should  be  included  in  the  circuit  as  possible. 

If  the  readings  are  made  on  the  degrees  scale  of  a  tangent 
galvanometer,  then  the  resistance  in  circuit  should  be  so  adjusted 
that  the  deflections,  as  nearly  as  possible,  make  equal  angles  on 
opposite  sides  of  45''  (§  44,  page  33). 

0 
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Possible  Degrees  of  Accuracy  attainable. 
When  the  readinga  are  in  divisions^  then 

Percentage  of  accuracy  =  |-^^ 

where  ^  is  the  smallest  fraction  of  a  division  to  which  the  deflections 
can  be  read. 

When  the  readings  are  in  degrees  on  a  tangent  galvanometer, 
then 


Percentage  of  accuracy  = 


2  tan  i'  100 


lo    •. 


tan  {d''  -  d;) 

where  >  *"  is  the  smallest  fraction  of  a  degree  to  which  the  deflections 
can  be  read. 

Eempe's  Method. 

210.  This  is  merely  a  particular  way  of  carrying  out  Wiedemann's 
method,  and  is  useful  when  very  small  differences  of  electromotive 
force  have  to  be  measured. 


Fro.  107. 

The  cells  to  be  compared  are  first  joined  up  in  opposition,  as 
shown  by  Fig.  107,  through  a  Kelvin  galvanometer,  ^,  and  the 
deflection,  ^,,  which  is  due  to  the  difference  in  force  between  the  two 
cells,  is  noted.  One  of  the  cells,  say  Eg,  is  now  reversed  (Fig.  108), 
and  in  order  to  keep  the  deflection  within  the  range  of  the  scale,  the 
galvanometer,  g,  is  shunted  with  a  shunt,  «,  a  compensating  re- 
sistance (page  103)  r,  of  the  value  necessary  to  keep  the  resistance 
of  the  circuit  unaltered,  being  inserted  at  the  same  time ;  the  deflec- 
tion, d,  is  then  noted,  and  we  have 

El  _  nd  +  d^ 


Eg      fid  —  d^ 
where  n  is  the  moltiplying  power  of  the  ehnnt. 


[A] 
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The  great  point  in  this  method  of  testing  is  the  high  degree  of 
accuracy  with  which  the  relative  values  of  E^  and  Eg  (when  they  do 
not  differ  materially),  can  be  determined. 

For  example. 

Supposing  the  deflection  obtained  in  the  case  of  Fig.  85,  to  be 
1  division,  and  in  the  case  of  Fig.  86,  to  be  200  x  1000  =  200,000 
(a  result  which  would  be  obtained  with  a  galvanometer  of  5000* 
resistance  if  the  adjustment  of  the  instrument  were  such  that  one 

cell  through  10,000"  with  the  jr^-.  shunt  gave  50  divisions),  then 

?i  =  ^-^M00jLi  =  1.00001, 

Eg      200,000  -  1 

i.e.  a  difference  of  1  in  100,000. 

It  might  be  objected  that  when  the  cells  are  joined  up  as  shown 
by  Fig.  107,  their  electromotive,  forces  would  run  down  ;  this,  how- 
ever, is  not  of  material  consequence  (even  if  it  could  take  place  to 
any  marked  extent  with  a  galvanometer  which  has  a  resistance  of 
5000*'  or  more),  for  a  fall  in  force  of  say  1  per  cent,  under  these 
conditions  would  only  mean  an  error  of  1  per  cent,  of  *  00001,  and 
not  1  per  cent,  of  1*  00001. 

As  the  chief  value  of  the  method  is  to  determine  small  differences 
of  force,  we  may  simplify  equation  [A]  in  the  following  maimer : — 

Since  [A]  is  derived  from  the  equation 

Ex  -  E,  _  d, 
El  +  Eg      nd' 

and  since  E^  and  Eg  are  very  nearly  equal,  so  that  in  the  denominator 
of  the  fraction  we  may  put  Ej  =  Eg,  therefore  we  get 

El  -  Eg  _  d, 
therefore 


therefore 


that  is, 


2  Eg 

nd' 

El  -  Eg 

nd' 

^1-1 

E. 

2d, 
nd' 

^1  =  1 

E^ 

2d 
n  d' 

0  2 
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Or,  if  we  prefer  to  express  the  difference  as  a  percentage,  then  we 
have 

—  1  =  —  of  1, 
n  d      100        ' 

or 

^       200  d, 
nd 

thus  in  the  example  taken,  the  percentage  of  difference  between  the 
two  cells  would  be 

200  X  1         ,    .,  . 

^  =  -.^-^  wTT^  =  ToVcr*^*^  P^r  cent. 
200,000       ^^^^      ^ 

Wheatstonb's  Method. 

211.  The  most  elegant  method  of  comparing  the  electromotive 
forces  of  batteries  is  that  of  the  late  Sir  Charles  Wheatstone. 

Battery  Ej  is  joined  up  in  single  circuit  with  a  galvanometer  and 
a  resistance ;  a  deflection  of  a**  is  obtained.  The  resistance  is  now 
increased  by  /a^,  so  that  a  new  deflection,  /8%  is  produced. 

Battery  Eg  is  next  joined  up  in  the  place  of  Ej,  and  the  resistance 
in  circuit  is  adjusted  until  the  deflection  obtained  is  a°,  as  at  first. 
The  resistance  is  now  increased  by  p^,  so  that  the  deflection  is  reduced 
to  )3°,  as  in  the  first  instance. 

Now  from  the  "Equal  resistance  method"  (page  187),  we  see  that 
the  total  resistances,  fi^  and  fig,  in  circuit,  which  were  required  in  the 
two  cases  to  bring  the  deflections  to  a°,  must  be  in  direct  proportion 
to  the  electromotive  forces,  E^,  Eg,  of  the  two  batteries.  Also  the 
total  resistances,  R^  +  p^y  and  fig  +  pg,  in  circuit  which  were  required 
in  the  two  cases  to  bring  the  deflections  to  /8',  must  be  in  direct  pro- 
portion to  the  electromotive  forces,  Ej,  Eg. 

We  therefore  have 

Ej  :  Eg  :  :  fi^  :  fig, 


or 
and 
or 

that  is 
or 


El  fig  =  Eg  fii, 

Ej :  Eg  : :  fii  +  f>i :  fig  +  /Og, 
Ej  fig  +  Eif>2  =  Eg  fij  +  Eg^  =  Ej  fig  +  Egf>i ; 

El  pg  =  Eg  Pi, 
E  :  Eg  : :  pi  :  pg. 


ELECTROMOTIVE  FORCE  OF  BATTERIES.         197 

In  fact,  the  electromotive  forces  of  the  batteries  are  directly  pro- 
portional to  the  added  resistances  which,  in  both  cases,  were  required 
to  bring  the  deflections  of  the  galvanometer  needle  from  a°  down 
to  pp. 

For  example. 

With  a  galvanometer  and  battery  Ej  we  obtained,  with  a  resist- 
ance of  lose*  in  the  resistance  box,  a  deflection  of  54**,  and  by 
adding  2000*  (pi)  a  deflection  of  34°.  Battery  Eg  being  inserted  in 
the  place  of  E^,  a  resistance  of  1650**  was  inserted  in  the  resistance 
box,  which  brought  the  galvanometer  needle  to  54°  as  at  first,  and  by 
adding  1600"  (pg),  the  deflection  was  reduced  to  34*'  as  in  the  first 
instance ;  then 

Ej :  Ea  : :  2000  :  1600, 
or  as 

1-25  to  1. 

212.  In  this  and  the  preceding  tests  we  have  supposed  that  the 
relative  electromotive  forces  of  any  two  batteries  were  being  con- 
sidered, but  it  must  be  evident  that  by  noting  the  deflections, 
resistances  added,  etc.,  as  the  case  may  be,  with  any  number  of 
batteries,  their  electromotive  forces  may  all  be  compared. 

213.  We  will  now  proceed  to  determine  the  hegt  eonditiorut  for  making  the 
tegt. 

There  are  two  points  to  be  determined :  first,  what  should  be  the  reflistanoes 
in  cironit  when  observing  the  first  deflections;  and  second,  what  proportion  should 
the  added  resistances  bear  to  the  original  resistances  ? 

When  the  test  is  executed,  there  are  two  or  more  sets  of  observations  made, 
Yiz.  one  for  each  battery.  But  it  will  be  found,  on  examination,  that  the  pro- 
portion between  the  electromotive  forces,  the  original  resistances,  and  the  added 
reaiBtanoes,  is  the  same  for  every  set ;  consequently,  we  have  only  to  determine 
what  relative  values  these  quantities  should  have  in  any  one  set,  then  those  in 
the  others  will  be  in  the  same  proportion. 

It  will  be  convenient  to  consider  first  what  proportion  the  added  resistance 
should  bear  to  the  original  resistance.  For  this  purpose  we  will  suppose  p^  to 
be  the  former  resistance. 

Now  p,  represents  the  electromotive  force  of  the  battery,  and  therefore  in 
order  that  the  test  may  be  made  as  accurately  as  possible,  it  is  necessary  that  we 
should  be  able  to  adjust  or  determine  tlic  value  of  pi  as  accurately  as  possible. 
In  order  to  obtain  the  required  value  of  pi,  we  first  adjust  B|  so  as  to  obtain  the 
deflection  a^,  and  then  we  increase  B^  by  pi  so  as  to  obtain  the  deflection  p9 ; 
consequently,  the  accuracy  with  which  we  can  obtain  pi  must  be  dependent  upon 
the  accuracy  with  which  we  can  read  both  the  deflections,  a°  and  $°. 

Let,  then,  the  first  deflection  (a°)  be  due  to  a  current,  Cj,  then  we  have 

0,  =  J,     or     C.B,  =  E,. 
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When  the  onzxent  is  reduced  to  C,  by  the  addition  of  pi^  then  we  get 

0,  =  ;^A_,    or    C,B,+0,/>,  =  E,; 
therefore 

or 


..  =  R.(§;-i> 


Now  this  equation  is  identical  with  equation  [F]  (page  150}  in  the  ^  Diminished 
deflection  shunt  method  "  of  detennining  the  resistance  of  a  galTanometer ;  con- 
sequently, we  can  see  fxom  the  investigations  there  giren,  that  pi  would  be  most 
accurately  obtained  if 

approximately;  but  when  this  is  the  case 


p,  =  B,  (5""    y  =2Rii 


that  is  to  say,  the  added  resistance  should  be  about  double  the  original  re- 
sistance. 

As  regaids  the  potstble  degree  of  aoeuraey  ottotfioble,  we  can  see  from 
equation  [H]  (page  150)  in  the  test  before  referred  to,  that  the  percentage  of 
accuracy,  x',  attainable  must  be 

V  =  (Cie.  +  C,.0100»      ^^^^ 
C,(Ci-0,)       ^ 

As  it  is  the  relative  electromotive  forces  of  two  batteries  which  have  to  be 
determined,  that  is  to  say,  the  value  of -^  the  percentage  of  accuracy  with  which 

the  test  can  be  made  will  be  double  the  above. 

As  regards  the  value  for  the  original  resistance  there  is  little  to  be  said.  It 
does  not  affect  the  accuracy  of  the  test,  except  in  so  far  as  the  power  of  adjust- 
ment is  concerned ;  this  is  evidently  made  as  favourable  as  possible  by  making 
the  resistance  as  high  as  convenient. 

We  must  have  therefore — 


Best  CofidUions  for  making  the  Test. 

214.  When  making  the  observations  with  the  first  battery,  make 
the  original  resistance  as  high  as  convenient,  and  make  the  added 
resistance  as  nearly  as  possible  double  this. 

♦  Theexpression  fl  +  <^  (i  +  -A  )  "I  in  the  equation  referred  to  [H](page  150) 

becomes  equal  to  1  when  S|  and  R  are  very  high ;  this  must  be  the  case  when 
equation  [£]  (page  148)  becomes  simplified  into  equation  pP]  (page  150). 
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Possible  Degree  of  Accuracy  attainable. 
When  the  readings  are  in  divisions^  then 

ry  .  r  i(D-rf)200 

Percentage  of  accaracy  =         ^ — ^ — 

where  ^  is  the  smallest  fraction  of  a  division  to  which  the  deflections 
can  be  read. 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer, 
then  if  we  can  read  their  values  to  an  accuracy  of  ^th  of  a  degree, 
we  have 

Percentage  of  accuracy  -  (tan  W  8,  +  tan  (T  8,)  200 
Percentage  of  accuracy  -  "^n  rf"  (ten  D^  -  tan  (f )"" 

where 

8i  =  ton  Di'  -  ten  D%    and,    8^  =  tan  d^^"  -  ten  (T. 

215.  Wheatetone^s  test  can  be  made  with  any  form  of  galvano- 
meter, as  it  is  not  necessary  that  the  values  of  the  deflections  in 
terms  of  the  currento  producing  them  be  known,  except  for  the  deter- 
mination of  the  percentage  of  accuracy  attainable.  If,  however, 
the  galvanometer  be  "  calibrated  "  (page  50),  this  percentege  can  be 
determined. 

Lttmsden's  OB  Lacoine's  Method.* 

216.  This  is  an  excellent  method  of  determining  the  comparative 
electromotive  forces  of  batteries.  The  principle  of  the  arrangement 
is  shown  by  Fig.  109. 

First  Method. 

The  two  batteries,  E^,  Eg  are  joined  up  with  their  opposite  poles 
connected  together,  and  with  resistences  B,  p  in  their  circuit,  as  shown 
by  Fig.  109.  A  galvanometer  g  is  connected  between  the  points  A,  B. 
One  of  the  resistences,  say  p,  being  fixed,  the  other  B,  is  adjusted 
nntil  no  deflection  is  observed  on  the  galvanometer.  When  this  is 
the  case  we  get  the  proportion 

El  ^  B 
E,  "  p' 

*  This  method  was  deviBed  by  Mr.  D.  Lnmsden  (late  Postal  Telegraph  Snb- 
marine  Superintendent)  in  1869,  bat  the  first  deeoription  of  the  same  appears  to 
have  been  pnbli^ed  by  M.  Emile  Lacoine  (Technical  Director  of  the  Ottoman 
Telegraphs)  in  the  '  Journal  T^l^graphltme '  of  Berae  for  January  25th,  1873, 
that  gentleman  having  devised  it  independently  of  Mr.  Lumsden. 
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The  deflection,-  it  should  be  remarked,  will  be  in  one  direction  if 
R  is  too  large,  and  in  the  opposite  direction  if  R  is  too  small. 

217.  In  order  to  understand  why  this  is  the  case,  let  us  examine 
the  theory  of  the  method ;  this  may  be  explained  by  the  help  of 
KirchoflTs  two  laws,*  viz. : — 

1.  Ths  algebraical  sum  of  the  curreftt  strengths  in  all  the  wires 
which  meet  in  a  point  is  equal  to  nothing, 

2.  The  algebraical  sum  of  all  the  products  of  the  curretit  strengths 
and  resistances  in  all  the  wires  forming  an  enclosed  figure^  equals  the 
algebraical  sum  of  all  the  electromotive  forces  in  the  circuit. 


l\ 


r 


vni 


-^ 


(D 


I 


«; 


B 

Fig.  109. 

218.  Supposing,  at  first,  equilibrium  not  to  be  produced,  then  we 
have  the  following  equations  connecting  the  various  current  strengths, 
resistances,  and  electromotive  forces : — 

Cj  -  c  -  f 2  =  0.  [1 

R  Ci  +  ^  c  -El  =  0.  [2 

p  fg  -  (7  c  -  Eo  =  0.  [8; 

From  equation  [1]  we  get,  f ^  =  c  +  r^ ; 

therefore 

R  (c  +  Cg)  +  </  c  -  El  =  0. 

From  equation  [3]  we  get 


therefore 


therefore 


Eo  -\-  gc 

to     — y 

P 


R 


(,+  E^.^)+^c-Ei  =  0; 


Rpc  +  RE2  +  R/yc  +  p//c-/oEi  =  0; 

*  For  the  proof  of  these  laws  see  Appendix. 
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therefore 

[4] 


^  _     P  Ej  -  R  Eg 
-7(R  +  p)  +  Rp' 

If  in  this 

equation  we 

pub 

c  =  0, 

then 

pEj  —  RE2  =  0, 

or 

that  is, 

El  ^  R 
^2      p' 

El  :  E2  : :  R  :  p. 

219.  Let  us  consider  what  are  the  best  conditions  /or  tnaking  tlie '  test. 
What  we  haye  to  determine  is,  what  are  the  best  values  to  g^ye  to  R  and  p  ? 
Now,  since  E^  and  E,  are  definite  quantities,  the  yalue  given  to  B  (supposing 
this  to  be  the  adjustable  resistance)  will  be  determined  by  the  value  given  to  p ; 
we  must  therefore  determine  the  value  to  give  to  the  latter. 

The  greater  the  accuracy  with  which  we  can  adjust  B,  the  greater  will  be  the 

E 
accuracy  with  which  we  can  determine  the  value  of  -\  that  is,  the  relative  values 

of  E,  and  E,.  But  the  accuracy  with  which  we  can  adjust  B  depends  upon 
its  range  of  adjustment  being  as  great  as  possible,  and  this  can  only  be  the  case 
when  it  has  as  high  a  value  at  possible.  Thus,  if  B  were  100  units,  we  could 
only  adjust  it  to  an  accuracy  of  1  unit  in  100,  or  1  per  cent. ;  but  if  B  were 
10,000,  then  1  unit  in  10,000  represents  an  adjustment  of  ^  per  cent.  But  it  is 
no  use  making  B  10,000,  unless  a  change  of  1  unit  in  its  value  produces  a  per- 
ceptible deflection  of  the  galvanometer  needle. 

The  best  value  therefore  to  give  to  B.  is  the  highest  one  in  which  a  change  of 
1  unit  from  its  correct  value  produces  a  'perceptible  deflection  of  the  galvanometer 
needle.  Since  B  is  dependent  upon  the  value  given  to  />,  what  we  require  to 
know  is  the  highest  value  to  give  to  the  latter  quantity. 

Equation  [4]  shows  the  current,  0,  obtained  through  the  galvanometer  when 
equilibrium  is  not  produced.  If  in  this  equation  we  put  B  —  1  in  the  numerator 
instead  of  B,  and  then  put 

BE,  =  pE„    or,     B  =  ^J^J, 

we  shall  get  the  current  corresponding  to  the  change  of  1  unit  in  the  correct 
value  of  B,.    Thus 

^^pE, -(B-1)E,_  E, 


!,(B  +  p)H.Ep       ff(''|'+p)  +  eJ'P 


E, 


[A] 


ot 
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Piaotioally,  the  minimnm  readable  defleotion  of  a  Kelvin  galTanomeier 
(which  is  the  best  to  employ  in  a  test  of  this  kind)  is  one  division,  and  the 
enrrent  producing  this  deflection  is  ihe  figure  of  merit  of  the  instrament  (page 
98).  If^  therefore,  in  the  last  equation  we  put  for  e  the  figure  of  merit  of 
the  galvanometer,  we  can  determine  the  highest  value  which  can  be  given  to  p, 
B,  and  E,  both  being  in  vciU. 

If  we  wish  to  get  the  exact  value  of  p,  we  can  do  so  by  solving  the  quadratic 
equation ;  but,  practically,  we  only  require  to  get  a  rough  idea  of  what  the  value 
of  p  may  be,  and  this  we  may  obtain  by  giving  different  values  to  fs  and  trying 
which  of  them  nearly  satisfies  the  equation. 

For  example. 

Two  batteries,  whose  electromotive  forces  Ej  and  E,  were  known  to  be  of 
the  approximate  values  of  2 : 1  (£,  being  1  voU),  were  to  be  tested  by  the  fore- 
going method  with  a  Kelvin  galvanometer  whose  resistance  was  5000**  (g)  and 
figure  of  merit  '000,000,001.  What  was  the  highest  value  that  could  be  given 
top? 

,[5000(1  + J)+p]=,^^J,^j-^^. 

or 

p[7500  +  p]  =  500,000,000. 

From  this  we  can  see  that  if  we  make  p  =  19,000  we  shall  be  very  nearly  right, 
for 

19,000  [7500  +  19,000]  =  503,500,000. 

With  this  value  of  p,  the  value  which  R  would  have  when  adjusted,  would  be 

R  =  p  ?»  =  19,000  X  ^  =  38,000, 
E,  1 

and  with  this  value  we  could  obtain  a  degree  of  accuracy  equal  to 

Having  then  ascertained  the  value  to  give  to  p,  suppose  we  actually  made 
it  19,000,  and  further,  we  found  that  in  order  to  get  equilibrium  as  nearly  aa 
possible,  we  had  to  a^'ust  R  to  36,250,  then  the  relative  values  of  Ej  and  E, 
would  be 

El :  E, : :  36,250  :  19.000. 
eras 

1-9089  to  1, 

and  we  know  this  is  corre<*t  within  *0026  per  cent. 

From  equation  [A]  (page  201)  we  can  see  that  c  is  greatest  when  E,  is 
larger  than  Ej.  It  is  therefore  best  to  so  arrange  the  test  that  the  reaistanoe  to 
be  adjusted  is  the  one  in  circuit  with  the  stronger  of  the  two  batteries.  Also  we 
can  see  that  the  more  the  batteries  differ  in  electromotive  force  the  better,  as  the 
greater  will  be  the  value  of  p. 

Second  Method. 

220.  If  the  batteries  consist  of  a  lai^e  number  of  cells  of  high 
resistance,  and  also,  if  the  galvanometer  has  not  a  high  figure  of 
merit,  and  consequently  R  and  p  have  to  be  proportionately  small. 
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then  we  cannot  ignore  (as  in  the  previons  test)  the  resistances  of  the 
batteries,  and  these  mnst  either  be  added  to  £  and  p,  or  eliminated 
in  the  following  manner. 

Suppose  the  resistances  of  E^  and  E^  to  be  r^  and  r^  respectively  9 
then,  when  the  equilibrium  is  produced,  we  have 

El :  Eg  : :  R  +  r^ :  p  +  r2, 
or 

El  r^  -  E2  ri  =  Ea  R  -  El  p.  [1] 

Now  if  we  decrease  p  to  pi,  and  again  obtain  balance  by  decreasing 
R  to  Bi,  we  get  a  second  proportion,  viz. — 

El  rg  -  Eg  ri  =  Eg  Ri  -  El  pi.  [2] 

By  subtracting  [2]  from  [1]  we  get 

Eg  R  —  Ej  Rj  —  Ej  p  +  El  Pi  =  0, 


or 
that  is 


or 


E,(R-Ri)  =  Ei(p-pi); 

El  _  R  —  Ri 
E2       P  -  Pi  ' 

El :  Eg : :  R  —  Ri  •  p  ~  Pi» 


[A] 


a  proportion  in  which  di£ferences  of  resistance  alone  appear.  In  fact 
(R  -  Rj)  and  (p  -  pj)  are  merely  the  resistances  subtracted  from 
R  and  p  in  order  to  get  equilibrium  a  second  time. 

For  example. 

Two  batteries  whose  electromotive  forces  Ei  and  Eg  were  to  be 
compared,  were  joined  up  in  circuit  with  a  galvanometer  and  two 
resistances,  as  shown  by  Fig.  87,  the  resistance  p  being  500** ;  in 
order  to  obtain  equilibrium  R  was  adjusted  to  1050** ;  p  was  then 
decreased  to  800"  (pi),  and  in  order  to  again  obtain  equilibrium, 
R  had  to  be  reduced  to  680"  (Ri),  What  were  the  comparative 
electromotive  forces  of  the  batteries  ? 

El :  Eg  : :  1050  -  680  :  500  -  800 

::         420        :       200 
or  as 

2-1  to  1. 

221.  What  are  the  heet  values  to  give  to  R|  and  pi,  or  rather  to  pi,  for  the 
Talue  given  to  the  latter  wUl  determine  the  value  given  to  Rj  ? 
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In  order  to  work  out  the  problem  let  us  suppose,  in  the  equation 

£j R  —  B| 

t,        p  -  pi 

E 
there  is  a  small  error  A  in  -r^  caused  by  a  definite  error  —  ^  in  R|,  that  is  let 

?!  +  \  =  ?-  ~  (?»  ~  "^i  =  ?j:: Jfi  +    ^   .  [B] 

E,  p  —  Pi  p-pi       p  —  P\ 

By  subtracting  [A]  (page  203)  from  [B]  we  get 

P-Pi 

This  shows  that  with  the  definite  error  ^,  A  is  as  small  as  possible  when  p|  is 
as  small  as  possible.    X  would  be  very  great  if  pi  approached  in  value  to  p ;  but 

it  would  be  small  when  p^  is  about  equal  to  ^,  and  but  little  less  if  pj  is  made 

very  much  smaller.     Although,  therefore,  we  should  make  py  small,  there  is 

but  little  advantage  in  making  it  very  much  smaller  than  ^ ;  in  fact,  there  is 

an  actual  diBadvantage,  for  when  pi  is  very  small,  R|  is  proportionately  small, 
and  its  range  of  adjustment  is  correspondingly  limited. 

From  equation  [A]  (page  201)  wo  can  see  that  in  the  present  case  tbe 
currents  fiowing  through  the  galvanometer  when  equilibrium  is  not  established, 
in  consequence  of  B  and  R,  being  each  1  unit  out  of  adjustment,  are 


Cl  = 

and 


E. 


E,  

(Pi  +  r,)  p^{^(l  +  1-;)+  P,  +r,] 

respectively ;  and  from  these  equations  it  is  evident  that  if  e,  is  a  perceptible 
deflection  when  R  is  1  unit  out,  c,  will  be  a  still  more  perceptible  deflection 
when  R,  is  1  unit  out,  since  R^  must  be  smaller  than  R;  consequently  the 
value  we  give  to  Rj  will  not  be  limited  by  any  considerations  with  regard  to  a 
perceptible  deflection  being  obtained. 

As  in  the  first  test,  c,  and  c,  are  both  greatest  when  E,  is  larger  tlian  E,; 
the  batteries  should  therefore  be  so  arranged  that  this  is  the  case. 

Witli  regard  to  the  possible  degree  of  accuracy  attatTiable  with  this  test,  we 
can  see  first  of  all  tiiat  R  cannot  be  adjusted  quite  so  accurately  as  in  the  caae 
where  the  resistance  of  the  batteries  was  negligible ;  we  can,  however,  ascertain 
the  exact  degree  attainable  by  putting  p  •{-  r^  instead  of  p  in  equation  [B] 
(page  201).  Thuit,  to  take  the  example  given  on  page  201,  suppose  the  battery 
E3  had  a  resistance  of  5000***  (r^)  approximately,  then  we  should  have 

(p  +  5000)  [5000  (1  +  i)  +  p  +  5000]  =  .-ooo7ooo;ooiir2  • 

or 

(p  +  5000)  [12,500  4-  p]  =  500,000,000. 
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If  in  this  equation  we  make  p  =  14,000,  we  get 

(14,000  +  5000)  [J  2,500  +  14,000]  =  503,500,000, 

which  is  close  to  the  correct  value.     lu  other  words,  if  p  does  not  exceed 

14,000**,  wo  can  be  sure  of  the  value  of  B  within  1  unit.     ^ 

E 
The  degree  of  accuracy  with  which  we  can  determine  the  value  of  -^  from 

the  equation 

Ej  R  ^  R| 

Ej        p  -  p^ 

depends  upon  the  degree  of  accuracy  with  which  we  can  adjust  both  R  and  Rj, 

and  as  the  errors  in  either  of  them  may  be  either  +  or  — ,  the  greatest  possible 

total  error  is  that  whicli  will  be  produced  by  a  +  eiTor  in  R,  and  a  —  error  in 

Ri,  or  vice  versa.    Let  these  errors  be  both  1  unit,  and  let  the  corresponding  error 

E 
in  -.1  be  A,  then  we  have 


B. 


and 


therefore 


El  .  .  _  R  +  1  -  (R|  -  1)  _  R  -  Rj  ,       2 
Lj  P  —  Pi  P  —  Pi         P  —  Pi 

El R  —  R| 

E,       p  -  Pi  * 

2 
\  = 


P  -  Pi 

Since  we  require  to  know  what  percentage  (\')  of  error  this  represents,  we 
have 

A  =  ttt:;:  of  =- « 
100         Ej ' 

or 

i      -./v^     Ej         200       Ej  rn-i 

A'=100Ap^  =  ;; T-^-  C^3 

^i        P  —  Pi     ^i 

To  take  the  example  on  page  203,  we  see  that  the  possible  percentage  of 
accuracy  attainable,  supposing  pj  to  equal  L  is 

\*  = ?2? X  —  =  -014  per  cent. 

14,000-7000       2-1  IT'   ^  * 

222.  With  a  Kelvin  galvanometer  of  ordinary  sensitiveness  it  is  evident 
from  the  foregoing  investigation,  that  if  we  have  two  batteries,  one  E,,  having 
an  electromotive  force  of  1  volt  or  more,  and  E,  an  electromotive  force  of  twice 
that  yalue  or  more,  we  can  without  difficulty  determine  their  relative  electro- 
motiye  forces  to  an  accuracy  of,  at  least,  *015  per  cent. ;  and  if  the  resistance  of 
the  batteries  be  very  low,  we  can  be  certain  of  the  accuracy  within,  say,  *003 
per  cent. 

223.  It  is  possible  to  get  a  still  greater  accuracy  by  employing  a  set  of 
resistance  coils  adjustable  to  ^th  or  j^jjih  of  a  unit,  for  in  this  case  we  can 
make  both  R  and  Rj  low  without  losing  the  range  of  adjustment,  whilst  by 
making  these  quantities  low  we  increase  the  value  of  the  galvanometer  deflection 
when  exact  adjustment  is  not  obtained ;  this  is  only  the  case,  however,  when  the 
resistances  of  the  batteries  and  of  the  galvanometer  are  low. 
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We  can  easily  determine  to  what  extent  the  degree  of  aoouraoy  is  increased 
by  using  sabmnltiples  of  the  nnits;  first  by  aaoertaining  from  equation  [B3 

(page  201)  what  yalne  p  can  have,  -J'  being  divided  by  10  if  K  is  adjustable  to 

^ths,  and  by  100  if  B  is  adjustable  to  Tiu^^  *  ^^^  seoond  by  working  out  the 
▼alne  of  X'  from  equation  [C]  (page  205)  which  gives  the  required  percentage  of 
aoouracy. 

Of  course,  when  great  accuracy  is  required,  the  test  must  be  made  by  the 
method  in  which  the  resistances  of  the  batteries  are  eliminated ;  it  is  no  use 
making  the  test  by  the  first  method,  since  the  accuracy  attainable  hy  having  B 
adjustable  to  j^th  or  i4nth  of  an  ohm  is  more  than  counterbalanced  by  the  enor 
produced  by  not  taking  into  account  the  resistance  of  the  batteries. 
L  To  summarise  the  results  we  have  obtained,  we  have 


Best  Conditions  for  making  the  Test 

First  MetJiod. 

224.  First  make  a  rough  test  to  ascertain  the  approximate  values 
of  E^  and  E2,  then  make  p  of  snch  a  value  that 


'[K-|)-]-S 


approximately,  c  being  the  figure  of  merit  of  the  galvanometer,  and 
E^  the  stronger  of  the  two  batteries,  E^,  and  E2  being  in  voUs. 

Second  Metlwd, 
Make  p  of  such  a  value  that 

approximately. 

If  B  is  adjustable  to  ^\h.  or  r^^^th  of  an  ohm,  the  right-hand 

side  of  the  equation  should  be  ^   ^^    or  _   ^\^  ■  respectively. 

Jlij  10  c       Hij  100  c 

Pi  should  be  about  equal  to  ^. 

In  both  methods  E^  should  be  the  larger  of  the  two  batteries. 

Possible  Degree  of  Accuracy  attaviable. 
First  Method. 
Where  resistance  of  battery  is  very  small, 

Percentage  of  accuracy  =  -      x  S^. 

P        ^ 
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Second  Method, 


Percentage  of  accuracy  = 


200 


Pi 


X  -J, 


Or,  if  pi  is  nearly  equal  to  ^, 


Percentage  of  accuracy  = 


400  ^  E2 
P        El 


225.  A  great  point  in  these  methods  of  determining  the  compara- 
tive electromotive  forces  of  batteries,  lies  in  the  fact  that  both 
batteries  are  working  under  exactlyl  the  same  conditions ;  moreover, 
if  the  resistances  £  and  p  are  high  there  is  but  little  tendency  for  the 
batteries  to  polarise.  If  one  of  the  batteries  be  a  constant  one,  such 
as  a  Daniell,  then  by  varying  the  values  of  R  and  p  we  can  test  how 
the  other  battery  behaves  when  worked  through  different  resistances. 

Poggendorff's  Method. 

226.  In  this  method  one  battery  is  balanced  against  the  other. 
The  method  is  shownlby  Fig.  110.  In  this  figure  E^  and  Eg  are  the 
electromotive  forces  to  be  compared.  R  and  p  are  adjustable  resist- 
ances, r^  and  r,^  being  the  resistances  of  the  batteries.  .0  is  the 
resistance  of  the  galvanometer. 


^  ^R Cm 

Fig.  110. 

Before  equilibriumlis  obtained  we  have 

^1  +  ^2  -  <^8  =  0 
(^1  +  p)  Cj  +  R  C3  -  El  =  0 

(r2  +  G)c2+Rc2-  E2=0 


[1] 
[2] 

[8] 


By  substituting  the  value  of  c^  obtained  from  equation  [1],  in 
equation  [2],  and  then  again  the  value  of  c^  obtained  from  equation 
[2],  in  equation  [3],  we  shall  find  that 

(ri  +  p)E2-R(E, -E2) 


Co  = 


R(r2  +  G  +  ri  +  p)  +  (r^  +  p)  {r^  +  G)' 


M 
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'    If  we  put  Cg  =  0,  we  get 

(ri  +p)E2  -  R(Ei  -  Eo)  =  0, 
or 

E.,  (R  +  ri  -H  p)  =  El  R  ; 
that  is 

El  :  Eg  :  :  R  -H  Ti  +  f) ;  R,  [5] 

or 

E.       ^^      R"-  '-^■' 

It  will  be  observed  that  in  order  to  get  the  ratio  of  E^  to  E.,  from 
this  proportion,  we  must  know  the  resistance  r^  of  the  battery  Ej. 
If,  however,  we  decrease  p  to  p^,  and  again  get  equilibrium  by  re- 
adjusting £  to  Rj,  we  get  a  second  proportion,  viz. 

Ej :  Eg  :  :  Ri  +  ri  -H  pi :  R^,  [7] 

and  by  combining  the  two  proportions,  r^  is  eliminated  in  the  manner 
shown  in  the  last  te^t  (page  203)  and  we  get, 

Ej  ^  (R  -  RQ  4-  (p_jiPi)^ 
Eg  R  —  R^ 

or 

El :  Eg : :  (R  -  RO  +  (p  -  Pi)  :  (R  -  Ri),  [A] 

a  proportion  in  which  differences  of  resistance  alone  enter. 

For  example. 

Two  batteries  whose  electromotive  forces  Ei  and  Eg  were  to  be 
compared,  were  joined  up  in  circuit  with  a  galvanometer  and  two 
resistances  as  shown  in  Fig.  107.  The  resistance  p  being  200**,  it  was 
necessary,  in  order  to  obtain  equilibrium,  to  adjust  R  to  500**.  p  was 
then  reduced  to  100*  (pi),  and  in  order  again  to  get  equilibrium  R 
had  to  be  readjusted  to  400"  (Ri),  then 

El :  Ej  : :  (500  -  400^)  +  (200  -  100)  :  (500  -  400)  ; 
or  as 

2:1. 

227.  In  making  this  test  practically,  the  connections  with  the  set 
of  resistance  coils  shown  by  Fig.  6,  page  14,  would  be  as  shown  by 
Fig.  111.     Having  depressed  the  left-hand  key,  then,  according  to 


ELECTROMOTIVE  FORCE  OF  BATTERIES. 


209 


the  example,  we  should  take  out  the  two  100*'  plugs  between  A  and  C, 
and  proceed  to  adjust  between  D  and  E.  This  being  done,  we 
should  insert  one  of  the  lOO*"  plugs  between  A  and  C  and  readjust  the 
resistance  between  B  and  E. 


Fig.  111. 


228.  As  only  one  of  the  batteries  (the  smaller)  in  this  test  has  its 
electromotive  force  balanced,  the  other  one  should  be  a  constant 
battery  (e.g.  a  Daniell)  whose  electromotive  force  would  not  fall  off  on 
being  worked  continuously. 

229.  It  is  evident  that  the  test  can  be  made  either  bj  making  p  a  fixed 
resistance  and  B  an  adjmitable  one,  or  by  making  B  fixed  and  p  adjustable.  In 
Older  therefore  to  determine  the  he$l  conditions  for  making  the  te$t,  one  point  for 
consideration  will  be — should  B  or  p  be  the  adjustable  quantity  ? 

Now  by  a  similar  reasoning  to  that  ^ven  in  §  219,  page  201,  we  can  see  that 
in  either  case  the  value  of  the  adjustable  resistance  should  be  the  higheet  one  in 
tohich  a  change  of  1  unit  from  its  correct  resiatanee  produces  a  perceptdle  deflection 
of  the  galvanometer  needle. 

If  we  refer  to  equation  [6]  (page  208)  we  can  see  that  if  Ej  =  2  Eg  then 
Vi  +  p  must  be  equal  to  B,  and  tliat  according  as  E|  is  greater  or  less  than  £,,  so 
will  r,  +  f>  be  greater  or  less  than  B.  It  is  evident  that  the  larger  we  make  the 
adjustable  resistance  the  greater  wiU  be  the  range  of  adjustment  of  which  it  is 
capable,  therefore  for  this  reason  it  follows  that  if  E,  is  greater  than  2  £,  then 
ri+  p  ^ould  be  the  resistance  in  which  the  adjustment  is  effected,  whereas  if  E, 
is  less  than  2  E,  then  B  should  be  the  adjustable  resistance. 

Now  if  B  be  the  adjustable  resistance,  then  inasmuch  as  the  value  which  it 
will  have  will  depend  upon  the  value  given  to  p,  therefore  we  must  determine 
the  highest  value  we  can  give  to  p. 

Equation  [4]  (page  207)  shows  the  current  o,  obtained  through  the  galvano- 
meter, when  equilibrium  is  not  produced.  If  in  this  equation  we  put  B  —  I  in 
the  numerator  instead  of  B,  and  then  put 


El      B  +  r,  +  p 

e;  =     ^  "~' 


or,     B  =  (r,  +  p) 


E, 


£|  -"  JSi] 


««  =  Tl — T^TTr/Z — I    <  .M?      ■    f' — .      NP  n»  P] 
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we  shall  get  the  cnnent,  e,,  corresponding  to  the  change  of  1  unit  in  the  conect 
Talne  of  B.    Thns 

(E  -  E,y 

''  ~  (n  +  ?)[(••,  +  (^)E,  +(r,  +p)B,]^ 
or 

(r,  +f>)[(r,  +  G)E,  +(r,  +p)EJ  =  (?>-TJ.«)*.  [A] 

And  if  in  this  equation  we  make  c,  the  figure  of  merit  (page  98)  of  the  galvano- 
meter, then  the  value  of  p  which  satisfies  the  equation  will  be  the  highest  value 
which  it  should  have ;  as  explained  in  the  last  test,  p  can  be  obtained  by  trial 

If  p  be  the  adjustable  resistance,  then  what  we  have  to  determine  is  the  Talne 
which  B  should  have.  To  do  this  we  must  put  p  +  1*  instead  of  p  in  the 
numerator  of  equation  [4]  (page  207)  and  then  put 

E,      B  +  r,  +  P      ^,      ^    .  B  (E,  -  E,) 

e;  =  — B     »  ^'»  «^i  +  p=      e; — ' 

we  shall  then  get  the  current  c'„  corresponding  to  the  change  of  1  unit  in  the 
value  of  f>.    Thus 

^«  -  R  [(r.  +  G)  E.  +  R  (E,  -  E,)]' 
or 

B[('t  +  G)Bi  +  B(E, -E^]  =  %^.  PB] 

from  which,  as  in  the  previous  case,  B  can  be  obtained  by  trial. 

We  have  next  to  determine  the  value  which  should  be  given  to  B,  or  to  P). 
Let  us  in  the  first  instance  take  Bj  to  be  the  adjustable  reaistanoe,  then  what  we 
have  to  do  is  to  find  the  proper  value  to  give  to  pj.  If,  then,  we  suppose  in  the 
equation 

E,      (B  -  BO  +  (p  -  pO 


E,  -  B  -  B, 

or 


[2] 


E 
that  there  is  a  small  error  x  in  =^  caused  by  a  corresponding  error  »  ^  in  Bj; 

E, 

then  we  have 

E,  +  ^-l+~B-B.     •  ^*-' 

By  subtracting  [8]  from  [4]  we  get 

^  _  P  -  (Pi  -  »)  _  P  -  Pi   _     ._f      . 
B  —  B|  B  ^  B|      B  —  B| 

but  from  [3] 


»-»'  =  (E:^)0'-f»i); 


*  We  put  p  +  1  in  this  case  in  preference  to  p  —  1,  simply  in  order  to  avoid 
giving  0,  a  minus  value.  The  general  result  obtained,  however,  would  be  similar 
whether  the  1  be  plus  or  minus. 
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therefore 


^  =  -  —  _- 


<t> 


(eT-  E.)  ^f"  -  '^^ 


ThiB  shows  that  with  the  definite  error  ^,  ^  is  as  small  as  possible  when  f>|  is  as 
small  as  possible.    A.  would  be  very  great  if  pi  approaches  in  Talue  to  p,  but  it 

would  be  small  when  p^  is  abont  equal  to  ^,  and  but  little  less  if  pi  is  made  yery 

small  indeed.    As  our  range  of  adjustment  of  B^  is  limited  by  making  p,  yery 

small,  it  is  advisable  not  to  make  it  smaller  than  ^. 

A  similar  inyestigation  would  have  proved  that  if  p,  were  the  adjustable 

T> 

resistanoe,  then  Bj  should  be  made  small,  though  not  smaller  than  —. 

230.  From  equation  [1]  (page  210)  we  can  see  that  the  test  is  impossible  if 
E,  and  E,  are  equal,  since  e,  =  0  wiUi  any  value  we  can  give  to  the  resistances.* 
We  can  further  see  that  the  more  the  batteries  differ  in  electromotive  force  the 
better ;  and  also  that  it  does  not  matter  materially  which  is  the  stronger  of  the 
two. 

231.  As  regards  the  posnbU  degree  of  aeeuracy  attaincLbley  this  depends  upon 

the  degree  of  accuracy  with  which  we  can  adjust  both  B  and  B^  (or  p  and  pi,  if 

B  and  Bj  are  the  fixed  resistances),  and  as  the  errors  in  either  of  them  may  be 

+  or  — ,  the  greatest  possible  error  is  that  which  will  be  produced  by  a  +  error 

in  B  and  a  —  error  in  B,,  or  viee  verta.    Let  these  errors  be  both  1  unit,  and  let 

E, 
the  corresponding  error  in  ==  be  A,  then  we  have  from  equation  [3]  (page  210) 


and 


therefore 


E^  ^  B  -  1  -  (B,  +  1)         ^  R  -  B,  -  2' 


^^^  =  I  ^   P  ^  Pi        or      R  —  R—        ^3       (a  —  n  ^• 
V ^  -R !>"»     "^»     xfc  —  xfcj  — {J}  —  Pi;, 


^^       P-  Pi       _P-Pi^        _     2(p  — pi) 


B  -  B,  -  2      B-B,      (B  -  B,  -  2)(R  -  R,)  * 
or,  since  B  —  Bj  is  very  large, 


\  - 


_  2(p-p,)  _      2      ^  /Ei-E,V 


('•■i*y 


(R  -  B,y      p  -  p, 
Since  we  require  to  know  what  percentage  (A.')  of  error  this  represents,  we  have 

\  =   ^'-  of  -^», 
100        E,' 

or  * 

A'=100A|i=    200_^(E.-E^« 
Ej      p  —  pi  E,  E, 


*  This  is  not  the  case  in  Lumsden's  test. 
I  P  2 
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In  the  case  where  p  and  p^  are  the  adjustable  resistances,  we  should  got 


\  = 


P  *—  Pi  +  2       p  -  Pi   _ 


R  —  Rj         R  ^  Ri      R  ^  R, 
and  oalling,  as  before,  \'  the  pensentage  of  error,  we  get 


To  sum  up,  then,  we  have 


200         E, 

^-r-r;^  El 


Best  Conditions  for  making  the  Test, 

232.  First  make  a  rough  test  to  ascertain  the  approximate  values 
of  E^,  Es,  r^,  and  r^ ;  then  if  E^  is  less  than  2  Ej,  make  p  a  fixed 
resistance,  and  of  such  a  value  that 

(r,  +  p)  [(r,  +  G)  E,  +  (r^  +  p)  E,]  =  (^i-^?I*      [A] 

V 

approximately. 

If  R  is  adjustable  to  \  th  of  an  ohm,  then  the  right-hand  side  of 
the  last  equation  should  be 

(E^-^E^      ,,        . 
c  •' 

c  being  the  figure  of  merit  of  the  galvanometer,  and  Ej  and  E-,  both 
being  in  volts. 

Pi  should  be  about  equal  to  ^. 

If  Ej  is  greater  than  2  E^  then  make  R  a  fixed  resistance,  and  of 
such  a  value  that 

R  [{r,  +  G)  El  +  R  (E,  -  E,)]  =  ?/  [B] 

approximately. 

If  p  is  adjustable  to  ^th  of  an  ohm,  then  the  right-hand  side  of 
the  last  equation  should  be 

c       -' 

c  being  the  figure  of  merit  of  the  galvanometer,  and  E^  and  Eg  being 
both  in  volts. 

R 
R^  should  be  about  equal  to  ^  . 

♦  §  223,  page  205. 
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Possible  Degree  of  Accuracy  attainable. 
When  B  and  B^  are  the  adjustable  resistances,  then 

Percentage  of  accuracy  = x  ^— i-  _- -^z.  • 

P  -  Pi  ^1  ^ 

or  if  pi  nearly  equals  ^ 

•D         *         *  400      (E,  -  Eo)* 

Percentage  of  accuracy  =      -  x  \->:—--^  . 

When  p  and  p^  are  the  adjustable  resistances,  then 

9  A  A  "p 

Percentage  of  accuracy  =  t>  "— ^5-  x     ? ; 

■p 
or  if  B^  nearly  equals  — 

Percentage  of  accuracy  =    r>    ^  tji  • 

238.  If  the  test  is  made  by  obtaining  the  result  from  formula  [6] 
(page  208),  the  resistance  r^  of  the  battery  being  very  small,  then  it 
is  not  difficult  to  see,  from  the  investigation  given  in  ''  Lumsden's 
test''  (page  199),  that  when  R  is  the  adjustable  resistance, 

T^        ^        t  100      (E,  -  E«)« 

Percentage  of  accui-acy  =      -  x  ^^  *-     2^-  . 

Also  we  should  make  p  of  such  a  value  that 

P  (G  El  +  p  E,)  =  ^^-A^l 

approximately. 

When  p  is  the  adjustable  resistance,  then 

Percentage  of  accuracy  =  ^  ^- 

Also  we  should  make  R  of  such  a  value  that 

R[GEi  +  R(Ei  -  E2)]  =  ^2 

c 

approximately. 

Fahie's  Method  of  Measuring  Battery  Resistance. 

234.  It  may  be  pointed  out  *  that  the  foregoing  test  also  affords 
a  means  of  ascertaining  the  resistance  r^,  of  the  battery  E^ ;   thus 

*  See  Sabine's  *  The  Electric  Telegraph,'  p.  323. 


I 

I 
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from  equations  [5]  and  [7]  (page  208)  we  can  see  that 

R  +  ri  +  p  :  R  : :  Ri  +  ri  +  /»! :  Ri ; 
therefore 

RiR  +  RiTi  +  Rip  =RiR  +  Rri  +Rpi, 
therefore 

ri(R  -  Rj)  =  RiP  -  Rpi, 
or 

R  —  Rj 

thus  if  we  take  the  example  given  on  page  208,  in  which  we  have 

Ri  =  400 
R  =  500 
p  =  200 
Pi  =  100 
we  get 

_  (400  X  200)  -  (500  X  100) 
500  -  100 


^1  =  ^ ^.r' .....      -        -•=  75". 


235.  A  resistance  test  made  in  this  way,  however,  would  not  be 
an  accurate  one  if  the  resistance  r^  of  the  battery  were  small  in 
comparison  with  the  resistance  p^  (which  is  in  the  same  circuit  with 
7*1),  for  in  this  case  the  high  value  of  the  latter  would  swamp,  as  it 
were,  the  low  value  of  r^.  If,  however,  as  suggested  by  Mr.  Fahie,* 
we  commence  the  test  by  having  no  resistance  at  first  in  circuit  with 
the  battery  E^,  that  is  to  say,  if  we  have  p^  equal  to  0,  then  we  can 
obtain  more  satisfactory  results ;  in  this  case  we  get 

236.  With  regard  to  the  but  conditioM  for  making  the  test  acoording  to 
formula  [A],  the  resiatance  Bj  is  the  resistance  required  to  produoe  balance  in  the 
first  instance,  and  it  can  have  but  one  value ;  B,  however,  is  dependent  upon  p,  so 
that  what  is  required  is  tlie  value  whicli  should  be  given  to  the  latter  quantity. 
Xow  from  formnla  [A]  we  can  see  that  the  larger  we  make  p  the  larger  wiU  be 
the  value  of  B,  and  the  larger  we  make  the  latter  the  greater  wiU  be  its  range  of 
adjustment ;  consequently,  as  in  the  electromotive  force  test,  we  should  give  it 
the  highest  vaXue  in  which  a  change  of  1  unit  from  iti  correct  resistance  produces  a 
perceptible  deflection  of  the  galvanometer  needle ;  this  resistance  wo  shall  obtain  by 
giving  p  such  a  value  that 

(r,  +  p)  lir,  +  G)  E»  +  (r,  +  p)  EJ  =  <^?-:^  ^^''^^ 

c 

approximately,  f  c  being  the  figure  of  merit  of  the  galvanometer. 


•  See  *  The  Electrical  Bcview,'  vol.  xii.  p.  203. 
t  Equation  [A],  p.  210. 
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Aa  regards  the  postSbU  degree  of  aeeuraey  oHainMe,  this  we  shall  obtain,  as 
in  pievions  oases,  by  supposing  that  there  is  an  error  of  +  1  in  B  and  an  error 
of  —  1  in  B|,  these  errors  oansing  a  corresponding  total  error  X  in  fi :  thns — 

,    .. (B, +  1)P^  (B^  +  1)P 

^  +  ^  -  (B  -  i)  -  (Bi  +  1)  -  B  -  Bi  -  2' 
and  since 

''"F^tb, 

we  get 

(B,  +  l)p  B,p pCU-J^i) 

B-B,  -2"B-Bi~(B-.Bi-2)(B-  B,)' 

or  since  B  —  B|  is  very  large,  we  may  say 


bnt 


or 


therefore 


(B  -  B0«  ' 

E,  _  B,  +  r,  _  B  +  p  +  n 
£f  B|  B 

B  +  B,  =  glfj.-(2r.  +  p),    and    K  -  B.  =  g^ 


and  by  substituting  these  values  of  B  +  Bj  and  B  -  B|  in  equation  [B]  we  get 
Or  if  we  call  X'  the  pereerUage  of  error,  then 


^=iTo°"->' 


or 


n  Ea      \p      rj 


237.  The  relative  electromotiTe  forces  of  the  batteries,  it  may  be  pointed  out. 
are  given  by  the  proportion 

E,  :  E,  : :  (B  -  B,)  +  P  :  (B  -  Bj), 

which  is  the  same  as  the  proportion  [A],  page  208,  except  that  p,  is  put  equal  to  0. 
To  sum  up,  then,  we  have 

Best  Conditions  for  making  the  Test, 
238.  Make  p  of  such  value  that 

(^-i  +  P)  [(^2  +  6)  El  +  (rj  +  p) E,]  =  (^-i-±E-2)J 

1/ 

approximately,  c  being  the  figure  of  merit  of  the  galvanometer. 


i 
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Possible  Degree  of  Accuracy  attaifiable. 
Percentage  of  accuracy  =  -1= — ?  ( -  +  - )  100 


Fahib's  Combined  Method  of  CoMPARiNa  Elbctbomotivb  Fobces 

AND  MbASUEING  BaTTEEY   RESISTANCE. 

239.  This  is  an  extremely  ingenious  and  elegant  method,  and 
although  its  application  is  rather  limited,  it  is  well  worthy  of 
notice.  The  arrangement  is  a  combination  of  Poggendorff*s  method 
of  comparing  electromotive  forces  (page  207)  and  Mance's  method  of 
measuring  battery  resistances  (page  165). 


Referring  to  Fig.  112,  the  following  is  the  mode  of  making  the 
test : — ^E  is  the  stronger  battery  whose  electromotive  force  is  to  be 
compared  with  the  battery  e,  and  whose  internal  resistance  is  to  be 
measured ;  ^  is  a  variable  and  a  -h  b  bl  slide  resistance,  B  being  the 
slider  by  the  movement  of  which  the  ratio  of  a  to  J  can  be  varied. 
The  key  E  being  open,  the  resistance  d  is  adjusted  until  the  needle  of 
the  galvanometer  shows  that  no  current  is  passing  through  the  latter ; 
when  this  is  the  case,  then,  as  in  PoggendorfiTs  method  (page  207), 
we  have 

Eieiir  -¥  d  +  a  -¥  b:a  +  b.  [1] 

Balance  being  thus  obtained,  the  key  E  is  alternately  depressed  and 
raised  and  the  slider  B  moved  until  the  latter  is  brought  to  such  a 
position  that  the  movement  of  the  key  K  ceases  to  affect  the 
galvanometer  needle,  as  in  Mance's  test  (page  165).  Now,  inasmuch 
as  the  battery  e  merely  acts  as  a  counteracting  force  to  the  current 
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which  in  Mance's  test  would  cause,  a  permanent  deflection  of  the 
galvanometer  needle,  it  must  be  evident  that  when  the  movement  of 
the  key  K  ceases  to  affect  ^,  then  we  must  have 

or 

r  +  d  =  «i?  +  rf  =  f(«  +  &). 

O  0 

Substituting  this  value  of  r  +  J  in  equation  [1]»  we  get 

E  :  c  : :  -(a  +  J)+o  +  J:a  +  ft, 

0 

or 

E  :  fi  :  :  rf  +  J  :  ft.  [3] 

Equation  [2],  therefore,  gives  the  resistance  of  the  battery  E,  and 
equation  [8]  gives  the  relative  electromotive  forces  of  the  two 
batteries. 

For  example. 

The  key  K  being  raised,  bilance  was  obtained  on  the  galvano- 
meter g  by  adjusting  d  to  200".  When  the  key  K  was  alternately 
raised  and  depressed,  the  balance  on  g  was  disturbed  until  the  slider 
B  was  moved  to  the  position  at  which  ft  was  equal  to  lOO*' ;  the  total 
resistance  of  the  slide  resistance  ^  +  ft  was  400*^,  that  is  to  say,  a  was 
equal  to  300"  ;  then 

^      300  X  200       ^^^„ 

'^      -100—  =  ^^^' 
and 

E  :  fl  :  :  200  +  100  :  100, 
or  as 

3:1. 

240.  The  conditions  for  making  this  test  so  as  to  obtain  aocurate  results  mnst 
evidently  be  similar  to  those  specified  in  the  cases  of  PoggendorflTs  test  and 
Mance's  test  made  with  a  slide  resistance.  The  natnre  of  the  method,  however, 
is  snch  that  we  cannot  obtain  the  conditions  which  are  best  for  the  Poggendorff 
test  without  impairing  the  conditions  necessary  for  making  the  Mance  test  aocu- 
Tately,  so  that  practically  we  mnst  arrange  the  resistances  so  as  to  suit  the  con- 
ditions necessary  for  making  the  latter  satisfactorily ;  at  the  same  time  it  may 
be  pointed  out  that  these  conditions  are  such  as  to  enable  the  Poggendorff  test 
to  be  made  with  a  considerable,  though  not  with  a  very  high,  degree  of  accuracy. 
As  in  the  case  of  Mance's  test  with  a  slide  wire  (page  168),  the  conditions  required 
are  that  d  shaU  be  as  large  as  possible,  but  not  so  large  that  the  range  of  adjust- 
ment of  the  slider  becomes  excessively  reduced.    Now,  practically,  a  slide  resist- 
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anoe  would  not  oonnflt  of  more  than  about  100  coils ;  conjaequently  if  d  were  of 
such  a  yalue  that  the  slider  had  to  be  set  so  that  b  was  abont  10  times  as  laige 
as  a  (as  would  be  the  case  when  a  slide  wire  is  used),  then  the  aoouiacy  with 
whioh  the  latter  could  be  adjusted  would  be  extremely  small,  being  only  aboat 
1  in  10,  or  10  per  cent.  To  make  the  test  satisfactorily,  therefore,  it  would  be 
necessary  to  arrange  for  the  slider  to  come  near  the  centre  of  its  trayerse^  ewsn. 
though  the  sensitiveness  of  the  whole  arrangement  became  reduced  in  conse- 
quence. As  long,  however,  as  8uffieient  sensitiveness  is  obtained,  that  is  to  saj 
a  sensitiveness  such  that  a  movement  of  the  slider  from  its  correct  position  to 
either  of  the  contiguous  coils  produces  a  perceptible  disturbance  of  the  balance^ 
then  the  nearer  we  can  get  tiie  slider  to  the  centre  the  better.  It  would  not  do, 
however,  in  any  case  to  pass  beyond  the  centre  point ;  for  in  this  case,  although 
the  error  made  in  a  by  the  slider  being  one  coil  out  of  adjustment  is  small,  yet 
the  error  made  in  h  becomes  comparatively  large.  Now,  in  order  that  we  maj 
be  able  to  get  the  slider  near  the  centre  of  its  traverse,  it  would  be  neoessaij 
that  d  should  be  approximately  equal  to  r,  but  since,  in  order  to  obtain  balance 
in  the  first  instance,  we  must  have 

E  :«::a  +  6  +  d  +  r:a  +  6, 

or 

E_, . d+r 

d  could  not  be  made  equal  to  r  unless 

5  =  1  +  ^,    or,    •  =  ^i^±^. 

Now  if  E  and  e  were  both  fixed  quantities  and  were  not  of  such  relative  valuea 
that  the  above  equation  held  good,  then  it  would  be  impossible  to  obtain  the 
conditions  necessary  for  making  the  test  favourably ;  the  method  of  testing  w& 
are  considering,  however,  would  usually  be  employed  for  the  purpose  of  measuring 
the  electromotive  force  of  a  battery  in  terms  of  the  electromotivo  force  of  one  or 
more  standard  cells  whose  number  could  be  varied  to  suit  any  particular  require- 
ment; in  such  a  case  it  would  usually  be  possible  to  give  to  e  the  value  which 
would  enable  the  above  equation  to  be  satisfied.  Thus,  for  example,  suppose  Iho 
resistance  r  of  the  battery  £  were  estimated  to  be  about  100^,  and  suppose  the 
slide  resistance  a  +  &  consisted  of  100  coils  of  10^  each,  that  is,  1000^  in  all, 
then  we  must  have 

E  1000  E  10 


e  = 


1000  +  (2  X  100)         12 


that  is  to  say,  the  electromotive  forces  of  the  batteries  E  and  e  should  be  in  the 
proportion  of  10  to  12.  Now,  it  is  evident  that  if  E  were  a  battery  of  one  or  two 
cells  only,  then  it  would  practically  be  impossible  to  give  to  e  the  required  value ; 
but  if  E  consisted  of  a  considerable  number  of  elements,  20  or  SO  for  example,, 
then  there  would  be  no  ditticulty  in  adjusting  e.  From  these  considerations  it 
must  be  evident  that  Fahio's  method,  although  extremely  ingenious  and  elegant, 
and  in  some  special  cases  very  convenient,  is  very  limited  in  its  application. 

241.  With  respect  to  the  posaible  degree  of  accuracy  attainable,  this  as  regards 
the  resietance  test  is  directly  dependent  upon  the  accuracy  with  which  we  can 
adjust  the  ratio  of  a  to  & ;  thus  if  a  +  6  consisted  of  100  coils,  then  if  the  ratio 
of  E  to  e  were  such  that  the  slider  when  adjusted  stood  near  the  centre  position 
of  its  traverse,  the  error  caused  by  the  slider  being  1  coil  out  of  position  would 
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be  1  in  50  in  a,  and  1  in  50  in  5,  consequently  the  total  enor  would  be  1  in  25,  or 
4  per  oent.    With  n  coils,  in  fSetot,  the  po$nbl6  degree  of  aeeuraey  aUaindble  would 

be  lin  *  or  l?9Jii per  oent. 
4  n 

To  detennine  the  degree  of  aocuracy  attainable  in  the  electromotive  force 
test,  we  must  suppose  that  d  Ib  1  unit,  and  h  1  coil,  out  of  adjustment.    If  we 

call  X  the  error  caused  in  -  ,  then  we  must  have 

6 

?  +  X  =  l+_^+l  or,   X=l+_^+^-?; 
*                    h  —  ^  +  P  A  _  a  +  0       e 

n  n 

and  since 

^  =  1  +  _4 
e  0 

we  get 

X=1  +  _1+_L-1      d_h(n  +  d)  +  ad 
6-.*_±^  ^     6[6(n-l)-a]' 

n 

If  X'  be  the  percentage  of  error,  then  we  have 

\  =  -^  of   ^,     or,     V  =  100  X     ^ 


100    *    6'     "•'     ^  -  6+7* 

therefore 

x'=    100[ft(n  +  <?)  +  gd] 
■(6  +  r)[6(»-l)-ay 

If  the  test  is  made  under  the  best  conditions,  that  is,  if  we  have  a  =  &,  and 
d  =  ry  approximately,  then  we  get 

100  [6  (n  +  r)  +  6  r]    _  J00(n+_2r)    . 
(6  +  r)[6(»-l)-6]      (6  +  r)(n-2)* 

or  since  n  1b  large,  we  may  say 

^,_100(n  +  2r) 
n  (6  +  r) 
For  example. 

In  determining  the  relative  electromotive  forces,  E  and  e,  of  two  batteries  by 
Fahie's  method,  the  resistance,  r,  of  E  being  approximately  lOO*',  a  slide  resist- 
ance having  100  coils  (n)  of  10*^  each  was  employed.  What  was  the  greatest 
poesible  degree  of  accuracy  attainable  ? 

100  (500  +  100)  ^  *^ 

To  sum  up,  then,  we  have 

Best  Conditions  for  making  the  Test. 
242.  Make 

a  +  h  ->r  tr 
approximately,  r  being  the  approximate  resistance  of  the  battery  E. 
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Possible  Degree  of  Accuracy  aUaiiuibU, 

Percentage  of  a<)cura<jy  =    100  [&(n  +  ^)  +  a^] 

(i>  +  r)  [^>  (n  -  1)  -  fl] 

If  a  =  &,  and  r^  =  r,  and  n  is  large,  then 

Percentage  of  accuracy  = )jr     \^ 

n  in  both  cases  being  the  number  of  coils  of  which  the  slide  resistance 
is  composed. 

248.  It  may  be  bs  well  to  point  out  that  Fahie's  test  cannot  be 
made  (except  under  very  exceptional  circumstances,  rarely  met  with 
in  practice)  with  a  slide  wire ;  for,  as  a  rule,  the  latter  has  such 
an  extremely  low  resistance  that  it  would  be  impossible  to  obtain 
equilibrium  in  the  first  instance ;  the  proportion  which  is  necessaiy 

E  :  e::r  -^  d  +  a  +  b  :  a  +  by 

for  equilibrium,  could  not,  in  fact,  be  satisfied  unless  the  resistance  of 
the  battery  E  and  the  resistance  d  were  botli  extremely  small ;  in 
which  case,  moreover,  the  latter  would  have  to  be  adjustable  to  a  very 
small  fraction  of  an  ohm. 

Negbeau's  Method. 

244.  This  method,  devised  by  M.  D.  Negreau,  is  shown  by  Fig.  113. 
The  arrangement  consists  in  adjusting  the  resistances  B  and  p  (these 
resistances  including  the  resistances  of  the  batteries  and  of  the  galva- 
nometer) until  the  galvanometer  deflection  remains  unaltered  when 
the  key  is  raised  or  depressed. 

Assuming  first  that  the  key  is  raised,  then  the  current  through  the 
galvanometer  is 

Ej  +  E. 

if,  now,  the  key  is  depressed,  then  the  current  through  the  galva^ 
nometer  is 

P 

and  if  the  currents  in  the  two  cases  are  the  same,  then 

E^  +  E.,  _  E., 
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therefore 


or 


that  is 


Ej  p  +  Eg  p  =  Eg  R  +  Eg  p, 

El  p  =  Eg  R, 

El  :  Eg  : :  R  :  p. 


[A] 


245.  As  regards  the  best  conditions  for  making  the  test,  this 
would  be  considered  in  the  same  way  as  the  investigation  in  the 
case  of  Kelvin's  method  of  measuring  galvanometer  resistance 
(page  184). 


V  ^ 


•  Fio.  113. 

Let  Ci  and  Cg  be  the  currents  which  are  obtained,  respectively, 
when  the  key  is  raised  and  depressed  and  when  balance  is  not 
obtained,  and  let  C  be  the  current  when  the  balance  is  correct.  Then 
if  Ri  be  the  incorrect  value  of  R,  we  have 

Ei  +  A  =  ^^2Ri, 
P 


or 


and 


EgRi  =  Eip  +  p\, 

Eg      Ej  +  Eg      Eg  Rj  —  Ej  p 
Cj  -  C,  _  "p       Ri+P  _  ~p  (Ri  +  pf 


C 


"e: 


E. 


_  Eg R|  —  Ej  p  _  Ej p  +  p A.  —  Ej p  _        p\ 
"  "Eg  (Rr+  p)  Eg  (RTIT^  ~  "  Eg  (R  +  p) 

(since  Ri  and  R  are  very  nearly  the  same) 

X  \  \ 


M>')  ^d*') 


E, +  E,' 
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We  see  from  this  that  E^,  say,  being  the  electromotive  force  to  be 
measured,  then  the  smaller  Eg  is  made  the  better,  though  there  is  no 
advantage  in  making  Eg  extremely  small.  The  relative  values  of  B 
and  p  would  of  course  be  governed  by  the  relative  values  of  E^  and 
Eg,  but  their  actual  values  are  immaterial  so  long  as  the  larger  of  the 
two  is  sufficiently  great  to  be  adjustable  to  the  required  d^ree  of 
accuracy.  The  galvanometer  deflection,  of  course,  should  be  brought 
as  near  as  possible  to  the  angle  of  maximum  sensitiveness  (page  29). 

If  the  resistance  of  the  cells  is  unknown  and  cannot  be  neglected, 
then  a  second  measurement  should  be  made  with,  say,  p  increased  by 
T  and  R  increased  by  r',  so  that  we  get  a  second  equation. 

El  :  Eg  :  :  R  +  r' :  p  -f  r, 
so  that,  as  in  the  case  of  Wheatstone's  method  (page  196),  we  have 

Ej  :  Eg  : :  r' :  r. 


Clark's  Method. 

246.  This  is  a  valuable  modification  of  PoggendorflTs  method, 
and  is  shown  in  theory  by  Fig.  114.  a  &,  which  takes  the  place  of 
R  in  Poggendorif's  method  (page  207),  is  a  slide  resistance;  Eg 
is  a  third  battery  which  is  connected  to  a  slider  through  a  galvano- 
meter Gg- 

Now  if  we  suppose  equilibrium  to  be  obtained  in  both  galvano- 
meters, we  must  have  from  [5],  page  208, 

Ej  :  Eg  :  :  rj  +  p  +  a  +  J  :  a  +  ft, 
and  also 

Ej  :  Eg  : :  7*1  +  p  +  a  +  ft  :  « ; 
from  which  we  get 

Eg  :  Eg  : :  a  4-  ft  :  rt. 

If  then  we  take  a  +  ft  to  represent  the  electromotive  force  of 
the  standard  battery  Eg,  a  will  represent  the  electromotive  force 
of  the  battery  Eg. 

In  making  this  test  practically,  the  battery  Eg,  which  would  be 
the  trial  battery,  being  disconnected  from  the  slide  resistance,  balance 
would  be  obtained  with  the  standard  battery  Eg  by  adjusting  p  until 
no  deflection  is  observed  on  the  galvanometer  Gj.    Eg  would  then  be 
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connected  and  the  slider  moved  nntil  no  deflection  is  observed  on 
the  second  galvanometer  G3. 

The  great  advantage  of  Clark's  method  is  that  both  the  standard 
and  the  trial  battery  are  compared  nnder  the  same  conditions,  that 
is,  when  no  current  is  flowing  in  either  of  them ;  this  is  a  great 
point,  as  errors  due  to  polarisation  are  avoided. 

247.  It  must  be  evident  that  if  equilibrium  is  not  produced  with 
the  trial  cell,  then  the  balance  in  the  standard  cell  circuit  will  also 


Pig.  114. 

be  disturbed  ;  it  would  therefore  seem  possible  to  dispense  with  the 
galvanometer  Gg,  but  inasmuch  as  the  current  which  would  flow 
through  the  galvanometer  G^  would  only  be  a  fraction  of  that 
flowing  out  of  the  battery  Eg,  we  should  not  be  able  to  make  a 
measurement  with  nearly  such  a  degree  of  accuracy  as  we  could  if 
we  employed  the  galvanometer  6g,  which  would  be  acted  upon  by 
the  full  force  of  the  current. 

248.  To  detennme  the  beet  arraDgement  of  resiBtances,  etc.,  for  making  the 
test,  let  lis  suppose  that  there  is  a  small  error,  x,  in  E,,  caused  by  a  corresponding 
small  error  in  a,  and  let  us  find  what  eflSdct  this  error  has  upon  the  current  which 
would  flow  through  the  galvanometer  G,.  Supposing  then  that  Oi  is  the  new 
Tolue  of  a  which  causes  this  error,  then,  keeping  in  mind  that  a  +  h  being  a 
slide  resistance  is  not  altered  bj  changing  a,  we  have 

E,  +  A  =  ^>  [1] 


or 


a,  =(A+^)  («  +  *).  [2] 

E, 

We  next  have  to  determine  what  the  current  flowing  through  the  galvano- 
meter, when  equilibrium  is  disturbed,  is  equal  to. 
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Referring  to  Fig.  115,  iu  which  m,  n,  aj,  5i,  and  G,  represent  the  refliBtaDcea, 
and  o„  Cx,  c„  k^  and  k^,  the  current  strengtlis  in  the  Tarious  circaits,  we  have  by 
Kirobofifs  laws  (page  200), 

<?!  +  Cs  +  Cj  —  #c,  =  0 
ifi  —  Cj  —  itj  =  0 

K,  —  C,  —  C,  =  0 

0,  m  +  K,  Oi  +  ic,  6,  —  E,  =  0 
c, »  +  It,  a,  +  K,  6,  -  E,  =  0 
c,  6,  +  K,  a,  —  Ej  =  0. 

We  know  also  that 

'^'^'^ '^^ ^  E,  :  E,  ::  m  +  a,+b,  ;  a,  +  6„ 

and 
«i\^      ,      //Ct  a,  +  6,  =  a  +  5 

'^^  By  finding  then  the  value  of  e,  from  the  first 

equation  and  substituting  its  value  throughout 
the  others,  and  then  again  the  value  of  e, 
from  any  other  equation,  and  again  substi- 
tuting throughout,  and  so  on,  and  also  substituting  the  value  of  E,  obtained 
from  the  proportion,  and  also  the  value  of  a,  +  &„  we  shall  find  that 


Fig.  115. 


E,  —  E 


«! 


e»  = 


G,  +  - 


(I     I      mn   \ 


E,  -  E,  -^ 
K 


*a+6         '       ~"a  +  b 


say, 


p] 


a  +  b  +  -""^"L 
TO  +  n 

If  in  this  equation  we  substitute  the  value  of  a,  given  by  equation  [2] 
(page  223)  we  get 


c,  = 


G.+ 


M  ^      m  +  n) 


o  +  6  -f 


mn 


TO  -f  » 

or  as  a,  and  &,  are  very  nearly  equal  to  a  and  b,  we  may  say 


c.  = 


G.+ 


a(6  +  -Y-) 
\         TO  +  n/ 


M 


a  +  6  + 


TOft 


TO  +  « 

On  examining  this  equation  we  see  that  to  make  o,  as  large  as  possible  we 

a  (6 +-"•»-) 
\         TO  +  n/ 


must  make 


a  +  6  + 


mn 


as  mnaZZ  as  possible,  but  we  also  see  that  it  is  no  use 


TO  +  » 

making  it  much  smaller  tban  G,,  as  c,  is  but  very  little  increased  by  so  doing. 
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Now  the  quantity  is  the  retUtanoe  a  oombined  in  multiple 

are  with  the  resistance  h  plus  m  and  n  oombined  in  multiple  arc,  oonaequeutly  this 
quantity  can  never  be  greater  than  a.  As  long  therefore  as  a  is  smaller  than  G,, 
the  highest  values  that  can  be  given  to  the  other  resistances  cannot  make  e,  less 

than  r= ,  whilst,  on  the  other  hand,  however  low  we  make  these  resistances, 

Q, +  o 

we  can  never  make  e,  greater  than  ^.    The  value  therefore  we  give  to  a  prac- 

tically  determines  tho  sensitiveness  of  the  system.  But  as  a  is  only  a  portion  of 
the  slide  resistance  a  +  h,  and  as  it  may  include  the  whole  of  the  latter,  as  for 
instance  when  the  slider  is  moved  quite  to  the  end  of  a  +  6,  the  sensitiveness  is 
practically  dependent  upon  the  value  given  to  a  +  &.  This  must  then  be  made 
as  mueh  lower  than  O,  as  may  be  desirable. 

It  would  not,  however,  do  to  have  the  resistance  excessively  low,  for  the 
following  reason : — 

In  order  to  get  equilibrium  on  the  galvanometer  G,,  it  is  necessary  that  the 

relation 

E,  :B,::r,  +  p  +  a  +  6:a  +  6, 

or 

^  .  r  _  n  +  P 
a  +  6  =  = f 

should  hold  good.  This  cannot  be  the  case,  however,  if  ^J,  ^  is  greater  than 
a  -^  b;  that  is  to  say,  if  a  +  &  ia  very  small  ^^^  must  be  very  small  also; 

but  to  make  the  latter  small  we  must  make  E,  large  and  fi  +  p  small,  but  since 
fit  the  resistance  of  E|,  will  increase  by  increasing  E„  it  may  be  impossible  to 
do  this.  Practically  we  may  say  the  resistance  of  a  +  &  should  be  a  fractional 
value  of  O,. 

249.  Let  us  now  determine  the  potnUe  degree  of  acowraoy  attainable  by  the 
method.  In  equation  [1]  (page  22S)  we  liave  supposed  that  an  error  A  has  been 
caused  in  E,  by  a  being  out  of  adjustment ;  that  is  to  say,  from  the  slider  being 
moved  a  little  too  far,  so  that  a  becomes  a,.  If  we  call  ^  the  distance  the  slider 
has  been  moved  beyond  its  correct  position,  then  we  have 

E,  +  X  =  =•  («  +  ♦)  =  A£  +  \fL ; 
a  +  0         a  +  0      a  +  & 

but 

•n  _  E,a 

therefore 

^a  +  6   * 
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thai  18  to  aay,  the  dktanoe  the  slider  is  out  of  position  represoBts  direotly  the 
error  A  in  E,.  The  degree  of  ncoimcy  therefore  with  which  we  adjust  the 
position  of  the  slider  will  he  the  degree  of  aeoaraoy  with  which  we  can 
measore  E,. 

We  hare  pointed  out  that  iia-\-b\B  small,  then 


.(6+-5JL) 


m  +  » 

will  he  smaller  still ;   if,  therefore,  6,  is  large  oompiired  with  a  +  6,  equation  [4] 
(page  224)  beoomes 

If  in  this  equation  we  pni  the  Talne  of  A,  given  ahoTe,  we  have 

_       ^E, 

^      G.(a  +  6)' 
or 

a  +  b        E,  ' 
This  equation  enables  na  to  determine  what  moTement  of  the  slider  pvodnoea  a 
perceptible  deflection  on  the  galvanometer.    With  a  Kelvin  galvanometer  of 
5000*  resistance  and  figure  of  merit  =  -000,000,001  (page  d8)  we  bhould  have, 
supposing  E,  to  be  1  volt, 

^  =  5000  X  000.000.001  =  000.005  =  ^^. 

or  a  movement  of  the  slider  equal  to  ^^^^fh  of  the  length  of  a  +  ^  would  pro- 
duce a  perceptible  deflection ;  that  is  to  say,  we  could  determine  the  acouiaoy  of 
an  electromotive  force  B,  of  about  1  volt  to  an  accuracy  of  jo^iiooo^^* 

To  obtain  this  accuracy,  however,  it  would  be  necessary  to  have  the  wire 
a  -^-b  graduated  into  200,000  parts,  each  of  which  wonld  be  very  small,  unless 
indeed  the  wiro  were  very  long.  If  a  lesser  number  of  graduations  were  em- 
ployed, we  could  practically  subdivide  each  of  them  by  noting  what  the  galvano- 
meter deflections  were  when  the  slider  stood^  first  at  one  diyision  marlc,  and  then 
at  the  contiguous  maik,  as  follows : — 

Suppofse  the  slider  stood  at  a  distance  a  from  the  end  of  the  slide 
wire,  and  a  deflection  due  to  a  current  (^^  was  produced  to  one  side 
of  zero ;  and  suppose  that  when  the  slider  was  moved  1  division 
forward,  that  is  to  a  +  1,  the  deflection  was  on  the  other  side  of  sero, 
or  was  produced  by  a  current  -  c^.  Then  from  equation  [8]  (page 
224),  since  a  and  a  +  1  are  very  nearly  equal, 


^1  = 


K 


and 


a  +  1       ,;,       ^      a  E 


'8 


-^2  =  - 


^"^JTft      ^-^a  +  *      a  +  b 


K  ~  K 
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therefore 


C|  Eo  —  c,  E« =-  —  C-,  — ^  =  —  Co  Eo  +  Co  Eo z , 


or 


therefore 


^(h  +  (^2)  =  ^5-^(^1  +  ^2)  +  i^^i  5 


Eg  :  Eg : : «  +  6  :  fl  +  — ^ — 

Cj  +  ^2 


The  subdivision  of  the  division  beyond  a  is  therefore  given  by 
the  fraction — l — .    We  have  seen  that  we  could  get  a  deflection 

of  1  division  on  the  galvanometer  if  the  slider  were  moved  a  distance 
of  uoloooth  beyond  the  distance  required  to  give  equilibrium.  If 
the  wire  a  +  b  were  divided  into  20,000  parts,  then  a  movement  of 
the  slider  through  1  part  or  division  would  give  10  divisions  of  de- 
flection on  the  galvanometer,  each  division  representing  a  tenth  of 
one  of  the  wire  graduations.  If  in  making  a  measurement  we  got  a 
deflection  of  7  divisions  (Ci)  to  the  left  when  the  slider  stood  at  a 
distance  a  from  the  end  of  the  wire,  and  a  deflection  of  3  divisions 
(^2)  to  ^^6  right  when  the  slider  was  moved  1  wire  graduation  beyond 
ttj  then  the  position  of  the  slider  for  exact  equilibrium  would  be 

a  +  --'^  -    =  a  +  -7. 

7  +  8 

The  galvanometer  can  thus  be  made  to  act  as  a  vernier ;  and  the 
greater  the  deflection  produced  by  a  movement  of  the  slider  through 
one  division  of  the  graduated  wire,  the  greater  will  be  the  accuracy 
with  which  a  test  can  be  made. 

The  general  results  that  we  arrive  at  from  the  foregoing  investi- 
gations are  as  follows  : — 

Best  Conditions  for  making  the  Test. 

250.  Let  the  slide  wire  a  +  ^  be  a  fractional  value  of  the 
resistance  of  the  galvanometer  G„  bnt  not  so  low  that  it  is  lees 

than  ^^^. 
Bl-  1 

The  values  given  to  the  other  resistances  and  electromotive  forces 
do  not  affect  the  sensitiveness  of  the  arrangement. 

Q  2 
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Possible  Degree  of  Accuracy  attainable, 

T>  i.  *  Co  Go  100 

Percentage  of  accuracy  =  ^-^ —  . 

251.  The  late  Mr.  Latimer  Clark  employed,  for  the  slide  resist- 
ance, a  platinum-iridium  wire  of  40*  resistance,  wound  spirally  on  an 
ebonite  cylinder.  The  edge  of  the  cylinder  being  divided  into  1000 
equal  parts,  and  there  being  twenty  turns  to  the  cylinder,  the  whole 
wire  is  divided  into  20,000  equal  parts.  By  employing  with  this 
instrument  (which  combined  with  the  batteries  and  resistances  is 
called  a  "Potentiometer")  a  galvanometer  with  a  high  figure  of 
merit  (page  98),  and  a  standard  battery  E^  of  one  Daniell  ceU,  a 
1  division  movement  of  the  slider,  after  equilibrium  has  been  pro- 
duced, will  produce  a  deflection  of  50  divisions.  It  is  possible, 
therefore,  with  the  apparatus  to  measure  an  electromotive  force  of 
one  Daniell  cell  to  an  accuracy  of 


20,000  X  50        1,00(),()00 


th. 


Potentiometer  Direct  Method. 

252.  This  method,  which  is  an  exceedingly  simple  and  satisfactory 
one,  is  shown  by  Fig.  IKi.    aft  is  a  slide  resistance  (page  19),  E  is 

a  battery  of  constant  electro- 
motive force  connected  to  the 
end  of  a  b. 

A  standard  cell  E,,  is  first 
connected  up  through  a  galvano- 
meter G3,  as  shown,  and  the 
shder  is  moved  until  the  gal- 
vanometer needle  comes  to  zero. 
Eg  is  now  removed,  and  the 
battery  Eg,  whose  force  is  re- 
FiQ.  116,  quired,  is  connected   up  in   its 

place;  the  slider  is  then  moved 
until  equilibrium  is  again  produced  on  Gj.  If  then  a^  be  the  new 
value  of  a  corresponding  to  the  changed  position  of  the  slider,  we 
have 

Ej  :  E3  :  :  ^1 :  a, 
the  truth  of  which  is  obvious, 
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253.  Fig.  117  shows  the  Bymer-Jones  nniversal  shunt  (page  116) 


Fig.  117. 

joined  up  as  a  "Potentiometer,"  for  which  purpose  it  is  very  suitable ; 
in  this  case  we  have 


n 


E.M.F.  of  V  =  -  -      V. 

10,000 


Direct  Reading  Potentiometer. 


See  Appendix. 
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THE   WHEATSTONE  BRIDGE, 


254.  Thb  theoretical  arrangemeDt  of  the  Wheatstone  Bridge,  or 
Balance,  is  shown  by  Fig.  118.  It  consists  of  four  resistances,  a,  ^,  </, 
and  x^  arranged  in  the  form  of  a  parallelogram,  a  battery  occupying 
the  place  of  one,  and  a  galvanometer  the  place  of  the  other,  diameter. 
When  the  four  resistances  are  so  adjusted  that  equilibrium  is  produced, 


Fig.  118. 

that  is  to  say,  when  no  current  passes  through  the  galvanometer,  then 
these  resistances  bear  a  certain  relation  to  one  another.  This  rela- 
tion may  be  thus  determined  : — 

When  equilibrium  is  produced,  then  since  there  is  no  tendency 
for  a  current  to  flow  between  the  points  A  and  C,  the  galvanometer 
may  be  removed  without  altering  the  strength  of  current  in  the  other 
parts  of  the  bridge ;  and,  further,  we  may  join  the  points  A  and  C 
without  affecting  the  strengths.  Let  us  first  suppose  the  points  A 
and  C  to  be  separated ;  then  the  joint  resistance  given  by  the  four 
resistances  between  the  points  B  and  E  will  be 

(a  +  x){p  +  d) 
a  +  «  +  ft  +  rf* 
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If,  now,  we  join  A  and  C,  the  resLstance  may  be  written 

ab  dx 

a  +  b      d  +  X* 

which  must  be  equal  to  the  former  expression,  that  is, 

(g  +  x){b  +  d)  ^     ah  "'dx 

a  +  X  +  b  +  d  ~  0  +  b      d  +  x' 

By  multiplying  up  and  simplifying  we  get 

a2rf2  +  b^x^  -  2abdx  =  0; 
therefore 

(arf-  bxY  =  0, 
or 

ad  -  bx  =  0, 
that  is 

ad  =  bXj 
from  which 

b~d' 

If,  now,  three  of  the  quantities  in  this  equation  are  known,  the 
fourth  can  be  determined  ;  thus : — 

ad 

255.  In  the  most  general  form  of  bridge,  two  of  the  resistances 
are  fixed,  and  a  third  is  adjustable,  the  fourth  being  the  resistance 
whose  value  is  to  be  determined. 

As  a  rule,  a  and  b  are  the  fixed  resistances,  x  the  resistance  whose 
value  it  is  required  to  find,  and  d  the  adjustable  resistance. 

In  the  simplest  method  of  measuring  we  should  make  a  and  b  of 
equal  value,  in  which  case 

X  =d\ 

that  is  to  say,  the  resistance  between  A  and  E  when  equilibrium  is 
produced,  gives  the  value  of  the  unknown  resistance. 

It  is  absolutely  necessary  that  there  be  some  resistance  in  a  and  6, 
for  otherwise  the  galvanometer  is  short-circuited,  and  equilibrium 
will  apparently  be  always  produced,  no  matter  what  resistances  we 
have  in  the  other  two  branches. 

*  K$ce  alflo  Appendix  for  a  geometrical  proof  of  the  principle. 


—      / 
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256.  Besides  usiog  equal  resistances  in  a  and  by  we  can  make  one 
of  the  two  to  be  10  or  100  times  as  great  as  the  other  ;  or,  in  fact, 
any  multiple  of  it  we  like,  but  multiples  of  10  are  those  most 
commonly  used.  If,  when  we  are  measuring  a  resistance  x,  we  make 
b  10  times  as  large  as  a,  then  every  unit  of  resistance  in  d  represents 
^th  of  a  unit  in  x^  for  in  this  case 

x=A. 

10 

We  can,  therefore,  by  this  device  determine  the  value  of  a 

resistance  to  an  accuracy  of  ^th  of  a  unit,  although  d  is  adjustable 

only  to  units.     In  like  manner,  if  we  make  b  100  times  as  large  as  a, 

then  every  unit  of  resistance  in  d  represents  -rJ^th  of  a  unit  in  x ; 

for  in  this  case 

d 

100' 

and  we  can  thus  determine  the  value  of  a  resistance  to  an  accuracy 
of  xi^th  of  a  unit.  In  the  first  instance,  however,  the  value  of  d 
when  adjusted  would  be  10  times  that  of  a; ;  we  could  not,  therefore, 
in  that  case,  measure  a  resistance  whose  value  was  greater  than  -^th 
of  the  total  resistance  we  could  insert  in  d ;  and  in  the  second 
instance  d  would  be  100  times  as  great  as  a; ;  we  could  not,  therefore, 
in  that  case  measure  a  resistance  greater  than  y^th  of  the  total 
resistance  in  d.  In  fact,  the  larger  we  make  d  the  closer  will  be  the 
degree  of  accuracy  with  which  a  measurement  can  be  made,  but,  at 
the  same  time,  the  smaller  will  be  the  resistance  which  can  be 
measured,  unless  extra  resistance  coils  are  added  between  A  and  E. 

There  is,  however,  a  limit  to  the  degree  of  accuracy  witfi  which  a 
resistance  can  thus  be  measured,  which  is  dependent  upon  the  figure  of 
merit  (page  98)  of  the  galvanometer ;  of  this  we  shall  speak 
hereafber. 

If,  now,  we  wish  to  measure  a  resistance  which  is  greater  than  the 
total  resistance  we  can  insert  in  d,  we  must  make  a  larger  than  b. 
If  ^  be  made  10  times  as  great  as  b,  we  can  then  measure  any  resist- 
ance which  is  not  greater  than  10  times  the  resistance  we  can  insert 
in  d,  but  as  in  this  case  1  unit  in  d  represents  10  units  in  2,  we  can 
only  be  certain  of  the  value  of  x  within  10  units.  Similarly,  tf  we 
make  a  100  times  as  great  as  b,  we  can  measure  any  resistuice  not 
greater  than  100  times  d,  but  we  can  only  determine  its 'value  within 
100  units. 

257.  The  practical  method  of  joining  up  one  form  of  the  bridge 
(Figs.  6  and  7,  pages  14  and  16)  is  shown  by  Fig.  119.  When  the 
connections  are  made,  and  the  proper  plugs  removed  from  A  B  (jb) 
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and  B  C  (a),  the  riffht-hsaxi  key  vaust  he  pressed  down  to  put  on  the 
Imttery  current.  Plugs  are  now  removed  from  E  A  (i^  until  we  have 
inserted  a  resistance,  as  near  as  we  can  guess,  equal  to  the  resistance 


^^^ 


I 


Fig.  no. 

we  are  going  to  measure.  The  left  band  (galvanometer)  key  is  next 
pressed  down,  and  plugs  adjusted  in  EA  (^  until  no  movement 
of  the  galvanometer  needle  is  produced  upon  raising  and  depressing 
the  key.  The  connections  in  the  case  of  the  set  of  coils  shown  by 
Figs.  4  and  5  (page  13),  would  be  similar  to  the  foregoing,  but 
separate  keys,  in  circuit  with  the  battery  and  galvanometer  respectively, 
would  have  to  be  employed. 

258.  If  the  galvanometer  used  has  a  high  figure  of  merit  and  has 
a  fine  fibre  suspension,  the  key  must  not,  at  first,  be  pressed  firmly 
down,  but  only  snapped  down  sharply  ;  for  otherwise,  if  equilibrium 
is  not  very  nearly  produced  when  the  key  is  depressed,  there  is  a 
danger  of  breaking  the  fibre  of  the  galvanometer  needle  by  the 
violent  deflection.  When,  however,  after  repeated  trials,  we  have 
very  nearly  obtained  equilibrium,  then  the  key  may  be  firmly  held 
down,  and  the  final  adjustment  of  plugs  made. 

259.  Pig.  120  shows  a  plan  of  the  internal  connections  of  the  set 
of  resistance  coils  which  were  shown  in  general  view  by  Fig.  9, 
page  17.  The  method  of  joining  up  these  coils  to  form  a  bridge 
would  be  as  follows  :  The  resistance  to  be  measured  is  connected 
between  C  and  E,  the  "Infinity"  plug  between  the  two  being 
removed  ;  the  galvanometer  is  joined  between  A  and  G  ;  the  battery 
is  connected  between  B  and  E.    The  "  Infinity  "  plug  between  A  and 
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D  is  inseited  flrmlj  in  its  place.  Beddea  the  connections  referred  to, 
it  is  neoessai;  to  hare  a  key  in  circuit  with  the  galranomdiffl',  and 
utother  in  drcnit  with  the  batteiy. 


In  this  form  of  bridge,  when  balance  is  obtained,  we  have 
Beaigtance  to  be  meosored  =  B  .  • 

We  may,  if  we  please,  insert  the  reeistanoe  to  be  measured  between 
terminals  A  and  D  instead  of  between  C  and  K,  a  ping  being  inserted 
between  the  latter,  and  the  plug  between  A  and  D  being  removed  ; 
in  this  case,  when  balance  is  obtained,  we  should  have 


Reeietance  t< 


e  measured  =  R 


An  advantage  of  the  foregoing  set  of  coils  lies  in  the  fact  that 
there  are  only  five  plugs  to  be  shifted,  for  the  insertion  of  these 
plugs  brings  the  reeistances  into  drcnit,  instead  of  short^ircoiting 
them  as  in  the  ordinary  coils.  The  reading,  also,  of  the  total  value 
of  the  resistance  in  circuit  is  a  very  easy  matter,  as  mnst^be  obvious. 

lu  addition  to  the  counectiotiB  shown  in  Fig.  120,  the  "  9  "  block 
of^each  dial  ig  connected  to  the  centre  block  by  a  resistance  equal  to 
one  of  those  forming  that  particular  dial.  By  this  arrangement  the 
withdrawal  of  a  plug  instead  of  causing  a  diaconnecUon  merely 
introduces  a  resistance  equal  to  one  of  the  coils  of  the  next  higher 
dial,  and  forma  a  good  test  of  their  accuracy. 

The  "  Dial "  patterns  shown  by  Figa.  H,  12,  and  18,  page  18,  are  in 
many  cases  very  eatisfactory  instruments  for  use  as  a  Wheatstone 
Bridge. 

260.  Modified  forms  of  the  bridge  are  shown  by  Figs.  121  and  122. 

261.  Mr.  H.  Oott  haapointedout*  thatalthoughitisnsualtomake 
all  the  resistance  coils,  of  which  a  Wheatstone  Bridge  is  composed,  of 
an  alloy  which  is  affected  as  little  as  possible  by  temperature  (page  11), 

•  ■  TJie  Eleettiml  Beview.'  Feb.  14, 1U02. 
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yet  this  is  not  really  necessary ;  for  as  the  value  of  the  unknown 

resistance,  x,  is  given  by  the  equation 

ad 
X  =  —  • 

b  ' 
it  follows  that  if  a  is  unchangeable,  it  does  not  matter  if  d  and  b  alter 
with  change  of  temperature,  so  long  as  they  vary  in  the  same  pro- 
portion, which  would  be  the  case  if  they  are  both  made  of  the  same 
kind  of  metal.  Mr.  Gott  accordingly  makes  the  coils  for  a  of  manganin, 
this  alloy  having  practically  no  temperature  coefficient  for  ordinary 
ranges  of  temperature,  d  and  b  being  made  of  any  inexpensive  and 
convenient  metal. 

262.  Mr.  Gott  further  points  out  that  if  all  the  coils  in  a  bridge 
happen  to  be  adjusted  to  B.A.  units,  then  in  order  to  make  measure- 
ments in  Standard  units,  it  would  only  be  necessary  to  have  a  re- 
adjusted to  these  units. 

Conditions  for  Accurate  Mbasurbmbnts. 

263.  Besides  the  method  of  joining  up,  as  shown  by  Fig.  119,  we 
may  also  join  up  by  placing  the  battery  between  A'  and  C,  and  the 
galvanometer  between  B'  and  E ;  this,  under  certain  conditions, 
renders  the  action  of  the  galvanometer  more  sensitive  than  by  the 
conmion  arrangement.  What  these  conditions  are,  and  what  should 
be  the  general  arrangement  of  the  resistances  in  the  bridge  in  order 
that  a  test  may  be  made  under  the  best  possible  conditions  for 
insuring  accuracy,  we  will  now  proceed  to  consider. 

To  investigate  these  questions  it  is  first  of  all  necessary  to  find 
what  relation  the  current  which   flows   through   the  galvanometer 


when  equilibrium  is  not  produced,  bears  to  the  different  resistances 
which  make  up  the  bridge. 
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In  Fig.  128  let  a,  b,  d^^  Xy  r,  and  g  be  the  reBistances  of  the 
different  parts  of  the  bridge,  also  let  c^,  c^  c^  c^,  c^,  and  c^  be  the 
current  strengths  in  the  same,  and  let  E  be  the  electromotive  force  of 
the  battery. 

Applying  Eirchoff^s  laws  (page  200),  we  get  the  following  six 
equations  as  representing  the  connection  between  the  resistances, 
current  strengths,  and  the  electromotive  force  : — 


(/^  "~  ^   —   ^2  "" 
C^  "■  Cg  "~  W|  ^  U» 

^S  "^  ^6  "  ^2  ^  ^• 

c^r  +  c^dj  +  c^b  -  E  =  0. 
e^a  -  c^b  -  c^g  -  0. 


[1] 

2 

8 
4 

5 
6 


From  these  equations  we  have  to  find  the  value  of  ^0,  the  current 
flowing  through  the  galvanometer. 

By  finding  the  value  of  c^  from  equation  [1]  and  substituting  its 
value  in  equations  [2]  and  [5]  we  get  rid  of  c^ ;  and  in  like  manner, 
by  finding  the  value  of  c^  from  equation  [8]  and  substituting  through- 
out, we  get  rid  of  Cg.  By  adopting  the  same  process  with  respect  to 
^3  and  c^  we  shall  finally  get  equations  [5]  and  [6]  to  become 

c,a  ^c,a-c,b-  c,g  -  (a  +  5)lr  M  "3/  =  0.        [5] 

c,x  +  c,g  -{d,  +  x)^  ^r  ^r  ^  0.  [6] 

From  these  two  equations  we  get 

c^\r{d^  +  x)  +  x{b  +  d;)}  ^   - c^jbg  +  d^g  +  bx+  bd^)  +  EC^^  +  x)       „ 
c^[r(a  +  b)-^a{b  +  d^)}        c^C^i  +  H  +  ^^  +  ^1^)  +  E(a  +  *)  '      ^ 

from  which 

•      9  1  (a+ajX&+d,)+Ka+^+<'i+a')  f  +r(d|+»Xa+t)+Wi(a+a!)+fla<6+<^)      B,'  •■ 

This  equation  gives  the  strength  of  the  current  which  would  flow 
through  the  galvanometer  if  the  resistances  were  arranged  as  shown 
by  Fig.  128. 

264.  Suppose  now  the  battery  occupied  the  place  taken  by  the 
galvanometer  and  vice  versd^  or,  in  other  words,  suppose  the  galvano- 
meter connected  the  junctions  of  a  with  b,  and  d^  with  a;,  and  the 


^^^    ^^  ^D^D-(^   -    0  («   -   ^)  («  -    b). 
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battery  oonnected  the  jonctioiB  of  a  with  x,  and  b  with  £^,  then  the 
current  (fy)  flowing  through  the  galvanometer  would  be 

-= B(a4^j-te) ^A     ron 

g{(<l.+»X«+^)+Ka+6+di+»)}  +r(ft+d,X«+»)+a6(di+x)+d|a<a+6)      B,'   ^^ 

If  we  subtract  equation  [9]  from  equation  [8]  we  get 

i>i     ijj    j>i  ijj 

and  if  in  (Bj  -  B^)  we  substitute  the  values  of  B^  and  Bg  given  in 
equations  [8]  and  [9],  respectively,  and  then  multiply  up,  cancel, 
etc.,  we  finally  get 

B^Bj 

In  this  equation,  if  ^  is  larger  than  r,  and  both  a  and  x  are 
respectively  liurger  or  smaller  than  d^  and  d  :  or  if  r  is  greater  than 
g  and  at  the  same  time  both  a  and  b  are  greater  than  d^  and  a;,  then 
e^  -  e^  will  be  a  positive  quantity,  that  is,  c^  will  be  greater  than  c^. 

But  c^  is  the  current  obtained  by  the  arrangement  of  the  bridge 
indicated  by  Fig.  123 ;  and  on  examination  it  will  be  found  that 
when  the  resistances  have  the  relative  magnitudes  indicated,  the 
greater  of  the  two  resistances  g  and  r  connects  the  junction  of  the 
two  greater  with  the  junction  of  the  two  lesser  resistances :  con- 
sequently, as  this  arrangement  gives  the  greatest  current  through  the 
galvanometer  when  equilibrium  is  not  produced,  it  must  be  the  best 
one  to  employ. 

In  practice  it  is  almost  always  the  case  that  the  galvanometer  has 
a  higher  resistance  than  the  testing  battery. 

265.  We  have  next  to  consider  what  should  be  the  relative  values 
of  a,  by  dij  and  x,  in  order  that  the  bridge  test  may  be  made  under  the 
best  possible  conditions. 

There  are  several  different  considerations  involved  in  these 
questions,  but  we  will  investigate  the  problem  from  a  general  point 
of  view  first. 

Equation  [8]  (page  238)  shows  the  relation  between  the  current 
and  the  resistances.  In  this  equation,  as  equilibrium  is  very  nearly 
produced,  we  may,  except  where  differences  are  concerned,  put 

acL^  ad  =  bx.    or,    b^—. 

*  X 

d  being  the  adjusted  resistance  when  equilibrium  is  exactly  produced. 
We  then  get 

c  ^ Eg(g(^^  -  bx) PJ-, 

*      {^ (fl  +  a;)  +  a (rf  +  a;)}  {r (rf  +  a;)  +  rf (a  +  «)} ' 
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Let  ns  now  suppose  that  the  error   in  d^,  which  canaeR  the 
current  r,j,  produces  an  error  X  in  x,  or  that 


and  as 


IT  +  X  =    ,1,     or,      a(L=bx-^b\, 

0 


I       ad 


"«= 


m 


therefore 

EfldX 

{(^(fl  +  it-)  +  a(jl  +  a:)}{r(rf  +  x)  +  rf(fl  +  t)\ 

E 

or 

Now  our  object  is  to  make  X  as  small  as  possible,  and  this  we 
shall  do  by  making  the  error  in  ^  as  small  as  possible.  But  the 
accuracy  with  which  we  can  adjust  d  is  limited  by  the  degree  of 
closeness  with  which  the  movement  of  the  galvanometer  needle  from 
zero  can  be  observed.  In  other  words,  if  f^  is  the  smallest  current 
which  will  produce  a  perceptible  deflection  on  the  galvanometer,  that 
is  to  say,  if  (^^  is  its  "  figure  of  merit "  (page  98),  then  the  value  of  X 
which  corresponds  to  c^  will  be  the  amount  of  the  error  which  we  are 
likely  to  make  in  x. 

If  we  write  equation  [8]  in  the  form 

we  can  see  that  X  is  smallest  when  the  numerator  of  the  fraction  is 
smallest,  and  we  must  determine  the  values  of  d  and  a,  which  make 
this  numerator  as  small  as  possible. 

In  order  to  do  this,  let  us  simplify  the  above  equation  by  putting 

(ff  +  3,  +^'^)  =  X,  and,  (-  ^-^)  =  Y; 
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we  then  get 


X  = 


E 


or 


Cefxi V  d  J 

{  T 


A ^ j^^ J.  (A) 

From  this  equation  we  can  see  that  to  make  A.  as  small  as  possible 
we  must  make 


rf  +  ^ 


as  smaU  as  possible. 
Now 


and  in  order  to  make  the  right-hand  side  of  the  equation  as  small  as 
possible  we  must  make 

y/d 

as  small  as  possible ;  that  is  to  say,  we  most  have 

from  which  we  get 

d^  v/XY; 

that  is  to  say,  we  must  make  d  equal  to  the  geometric  mean  of  the 

quantities  (a  +x  +  ^~]  and  ( — —  ). 

^  V  a  /  \r  +  X  +  a) 

Now,  although  the  value  of  "  ^  =  mJXY  "  is  one  which  gives  a 
minimum  value  to  X,  jet  it  is  not  the  value  which  makes  A  an  absolute 
minimum,  for  X  and  Y  both  contain  the  variable  quantity  a.  In  order, 
therefore,  to  make  k  an  absolute  minimum,  we  musb  determine  what 
value  a  should  have. 

R 
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If  iD  equation  [A]  we  put  d  =  V  X  Y,  we  get 

XY  \^ 

JY  +  A  +  IVAY  +  - 
c 


X  = 


,rJ^*^*(-^^*Tri) 


E 


..r.JIt-?i^-^-"|     ^r.llVf 


E 


Yf 


E 


•    [B] 


In  order  to  make  A  an  absolute  minimum,  we  can  see  that  we 
must  make  ;=  a  minimum.    Now 

Y       ^       rx      \       y  aJ\      rx       I 

\r  +  X  +  a/ 

consequently   we   can    see    from    the   reasoning    in    the    previous 
investigation,  that  to  make  y  a  minimum  we  must  make 


^  ^  g  +  X 


[C] 


Having  now  obtained  the  required  value  of  a  in  terms  of  the  known 
quantities,  r,  g,  and  x,  we  can  also  determine  the  value  of  d  in  tenns 
of  r,  g,  and  x;  for  we  have 


..VxyVC*--?)^.^.^^ 


g  +  X  + 


gx 


1 


rx 


/  I  (<5r  +  a;) \^r  +  a:  +  V(^  +  '''^)g^\\  f  ^  'J g  +  « 

I  Vr  +  ar  l((r  +  a;)V(^  +  a;+ V(r  +  ar)< 
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or 


-\/i9 


rx 


+  X)  -^J^ .  [D] 

r  +  X 


U  we  multiply  equations  [0]  and  [D]  together,  (r  +  x)  and  {g  +  x) 
cancel  out,  and  we  get 

ad  =  i/ grd^j    or,     —  =  i/  gry 

that  is 

b  =  'J'gr, 

266.  Although  equations  [0]  and  [D]  show  the  values  of  a  and 
d  which  are  necessary  for  making  the  error  A  an  absoliUe  minimum, 
yet  practically  we  may  make  both  a  and  b  vary  considerably  from 
these  exact  values  without  increasing  X  to  any  great  extent. 

As  regards  ^  it  is  preferable  to  make  it  as  high  as  possible,  so 
that  its  range  of  adjustment  may  be  as  high  as  possible.  Referring 
to  equation  [4]  (page  240),  we  have  proved  that  for  an  absolute 
minimum  we   must   make   d   equal    to   the    geometric    mean    of 

the  quantities  (^  +  a?  +  —  j  and  (  — — ),   consequently  we 

can  see  that  in  this  case  d  must  be  less  than  (g  +  x  +  ^-  ), 
If  we  suppose  the  value  of  d  for  a  minimum  to  be  very  small 
compared   with    (g  +  x  +  ?—\  then    we    can    see    that    even    if 

we  increase  rf  up  to  an  equality  with  (g  +  x  +  ^—\  we  can- 
not increase  X  beyond  twice  its  minimum  value,  especially 
if  we   consider  that  by  increasing  d   we  diminish  the  value  of 

(i  +  __j I 

<d  (  rx  \K  If  we  only  increase  d  m^  {/o  g  -\-  x,  then 
I        \r  +  X  +  a)] 

X  will  of  course  be  increased  still  less.  Should  the  value 
of    d   for    a    minimum   happen    to    be    only   a    little    less    than 

(g  +  x-{-  ^\  then  of  course  the  increase  of  d  referred  to  will 

have  but  little  effect  on  X.  In  any  case,  however,  by  keeping  d 
below  g  +  X,  the  increase  in  X  must  be  less,  and  may  be  considerably 
less,  than  2  X.  The  importance  of  this  fact  may  be  seen  if  we 
guppose  g,  X,  and  r  to  have  the  following  values  : — 

g  =  4899,  a;  =  1,  r  =  loo  ; 

R  2 
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then  for  the  minimom  we  must  make 

d  =  ^(4899  +  1)  J.JJ-|-J  =  70 : 

but  we  have  proved  that  if  we  may  make  "  rf  =  (4899  +  1)  =  4900," 
then  by  so  doing  we  cannot  possibly  increase  X  to  more  than  2  K  and 
actuallv  the  increase  must  be  to  less  than  2  A. 

We  next  have  to  consider  to  what  extent  we  may  vary  a.    To  do 
this  let  us  write  equation  [3]  (page  240)  in  the  form  : — . 


k  = 


,,.{«.(,.,.  7)|{^.i_  J 


E 


From  this  equation  we  can  see  that  if  d  has  the  value  necessary 
to  make  X  a  minimum,  then  as  long  as  we  do  not  make  a  less  than 

^^    we  cannot  possibly  increase  X  to  more  than  2  X.    But  then  the 

question  arises — Suppose  we  have  already  increased  X  by  making  d  as 
great  as  ^  +  i^,  under  these  conditions  what  will  be  the  effect  of  also 

decreasine:  a  to  -^— -  ? 

g  -^  X 

If  we  refer  to  the  last  equation,  we  can  see  from  the  investiga- 
tion made  in  the  case  of  equation  [4]  (page  240),  that  the  value  of  a 
which  makes  X  a  minimum  must  be 


"  -  v(-  ''iK-^*-i)' 


and  this  value  is  one  which  makes  X  a  minimum  whatever  be  the 
value  of  d^  though  to  make  X  an  absoltite  minimum  we  must  also 
have 


'-\/^^'^FTlc- 


Now,  if  we  increase  dy  we  can  see  that  to  make  X  a  minimum  we 
shall   have  to  decrease  the  N^alue  of  a,  for  by   increasing  d  we 

decrease  both  (r-\-x+  —  jandf ^ j;  consequently  a  de- 
crease in  a  after  d  has  been  increased  will  tend  to  decrease  agSLin 
the  increased  value  of  X.  We  cannot,  however,  bring  back  X  to  its 
original  absolute  minimum,  although  wa  may  bring  it  very  near  ;  for 
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after  a  certain  point  the  decrease  in  the  value  of  a  causes  X  to 
increase  again ;  as  long,  however,  as  we  avoid  making  a  less  than 

-^  —  this  increase  cannot  be  sxeat. 
g  +  X 

As  the  value  which  d  has  must  depend  upon  the  value  given 

to  b^  therefore,  after  we  have  determined  what  values  to  give  to 

u  and  d,  we   must  ascertain  the  value  of  b   from  the  equation 

.  _  g<^ 

X 

For  example. 

It  was  required  to  measure  exactly  a  resistance  x,  whose  value 
was  found  bj  a  rough  test  to  be  about  500* ;  a  ten-cell  Daniell 
battery  (E  =  10*7),  whose  resistance  was  200**  (r),  was  used  for  the 
purpose,  and  also  a  galvanometer  whose  resistance  was  bOO^  {g)  and 
figure  of  merit  •000,000,001  (cg).  What  resistances  should  be  given 
to  the  arms  a  and  b  of  the  bridge  in  order  that  the  test  may  be  made 
under  the  most  favourable  conditions,  also  'what  percentage  of  accu- 
racy would  be  obtainable  under  these  conditions  ? 

a;  =  500       * 
g  =  5000 
r  =  200 ; 
therefore 


a  =  X  /(200  +  500)  ^^^^  ""  ^^!!  =  560", 
/  ^  ^5000  +  500 


d  =  A./ (5000  +  500)  ^-^-  ?--   =  890"  ; 
V  "^  "^  200  +  500 

also  we  must  have 


,       560  X  890   ^      — ^ 
*  =   -  500    -   =  '1^^^  • 


In  practice  we  could  make  d  as  high  as  5500"  {g  +  x\  and  a  vc^ 

'OX    \ 

low  as  450"  i  j,  without  seriously  increasing  X. 

Supposing,  however,  we  actually  gave  a  and  d  their  best  values, 
then,  by  equation  [8]  (page  240)  we  should  have 

X  =  -000.000.001  J890  +  6000  +  500  +  5000x5001 
10'7  (  560        • 

|200  +  560  +  500  +  ^^O^J^j  =  -0014 
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that  is  to  say,  we  may  be  •  0014  unite  out  when  we  measure  x  exactly  : 
this  is  equivalent   to  an  error  of       -    ^  -  -  =  'OOOa  per  cent. 

approximately. 

In  order  to  make  the  test  as  accurately  aa  this,  it  would  be  neces- 
sary that  d  be  adjustable  to  a  small  fraction  of  a  unit ;  if  we  call  ^ 
the  value  of  the  latter,  then  we  should  have 


and 


therefore 


A  =    7*,    or,    *  =   ^  . 
0  a 


We  therefore  have 


.       1000  X  -0014       ,^^^ 

showing  that  d  ought  to  be  adjustable  to  -008*  or  lees.  If,  therefore, 
we  make  it  adjustable  to  *  001**,  we  shall  be  able  to  make  the  test 
properly. 

267.  The  facts  we  have  arrived  at  by  the  foregoing  investigation 
are  these,  that  with  a  =  560"  and  b  =  1000",  then  when  equilibrium 
is  produced,  an  alteration  in  the  value  of  d  equal  to  *008"  (which 
quantity  would  mean  an  error  A,  of  •  0014",  or  •  0003  per  cent,  approxi- 
mately, in  x)  would  produce  a  perceptible  deflection  (1  division)  on 
the  galvanometer. 

We  have,  then, 

Best  GotidUioyis  for  making  ths  l^est. 

268.  First  make  a  rough  test  to  ascertain  approximately  the  value 
of  X, 

Make  d  not  greater  than  g  +  x,ox  less  than 


^i9^^)^l 


rx 

x' 


and  preferably  make  it  as  near  to  the  latter  quantity  as  possible,  pro- 
vided the  range  of  adjustment  of  d  is  not  reduced  to  too  great  an 
extent  by  so  doing. 
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Make  a  not  less  than  -^ —  and  not  greater  than 

ff  -^  X 

V  ^         ^  g  -{■  X 

and  preferably  make  it  as  near  to  the  latter  quantity  as  possible  in 
the  case  where  d  is  made  nearly  equal  to 


V' 


<'*')//. 


but  if  J  is  made  more  nearly  equal  to  ^  +  a;,  then  a  should  preferably 
be  made  more  nearly  equal  to  S- — . 

It  is  clearly  advantageous  that  E  should  be  as  large  and  r  as  small 
as  possible. 

Possible  Degree  of  Accuracy  attainable. 
Percentage  of  accuracy  = ,  where 

Cf.  being  the  figure  of  merit  of  the  galvanometer. 

In  order  to  obtain  this  percentage  of  accuracy,  d  must  be  adjust- 
able to  not  less  than  —  units,  or th  of  a  unit. 

X  '       ' 


U  J 


269.  In  the  foregoing  investigation  we  have  considered  the  exact 
conditions  required  for  a  maximum  degree  of  accuracy,  and  we  have 
seen  that  in  order  to  attain  this  it  is  necessary  that  d  be  adjustable 
to  a  fraction  of  a  unit.  At  the  commencement  of  the  chapter  (§  256, 
page  282),  however,  we  saw  that  if  d  is  only  adjustable  to  units,  then 
in  order  to  obtain  the  greatest  possible  accuracy  we  should  make  d  as 
much  larger  than  x  as  possible,  as  by  doing  so  we  get  a  great  range 
of  adjustment.  But,  as  we  also  stated,  there  is  a  limit  to  thus 
increasing  d,  for  unless  we  are  able  to  adjust  d  accurately,  we  can 
gain  nothing  by  having  the  range  of  adjustment  so  large.  Now  to  * 
adjust  d  we  note  the  deflection  of  the  gsJvanometer  needle,  and  when 
this  becomes  0  we  know  that  d  is  adjusted  exactly  right ;  but  if  an 
alteration  of  several  units  produces  no  perceptible  effect  on  the 
deflection  we  may  just  as  well  have  d  of  tL  smaller  value.  Thus, 
supposing  we  have  b  10  times  as  great  as  a,  that  is  ^  10  times  x  ; 
then  if  an  alteration  of  10  units  in  d  only  just  affects  the  galvano- 
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meter  needle,  it  is  evident  that  we  cannot  ad joBt  (I  to  a  closer  d^ree  of 
accuracy  ihaxk  10  units,  and  consequently  we  cannot  obtain  the  value 
of  2;  toa  closer  d^ree  of  accuracy  than  1  unit.  If  we  have  b  equal  to  a, 
that  is,  d  equal  to  se,  then  if  we  can  adjust  d  within  1  unit,  we  shall  in 
this  case  obtain  the  value  of  «  to  an  accuracy  of  1  unit,  that  is,  with 
just  as  much  accuracy  as  we  could  in  the  first  case,  when  d  was  10 
times  X,  It  is  even  possible  that  we  could  obtain  the  value  of  x  more 
accurately  in  the  latter  case,  for  it  may  be  that  an  alteration  of  1  unit 
in  d  when  b  equals  a  may  produce  a  much  greater  movement  of  the 
galvanometer  needle  than  does  the  alteration  of  10  units  when  6  is  10 
times  a.    Whether  this  is  so  or  not  is  a  point  we  have  to  determine. 

We  have  also  to  find  what  should  be  the  absolute  values  of  a 
and  b. 

We  have  seen  that  in  order  to  obtain  accuracy  it  is  necessary  to 
make  d  as  high  as  possible,  but  the  highest  useful  value  we  could  give 
to  d  would  be  that  which  produces  the  smallest  perceptible  deflection 
when  it  is  one  unit  out  0/ adjustment. 

Now  if  A  be  the  error  in  x  caused  by  d  being  1  unit  of  adjustment, 
we  must  have 

;.  +  x  =  i(^  =  :^  +  «,  [A] 

and  since 

„     ad    ^^     a      X 

therefore 

f*d      .  _  ad     X 


or 


We  have,  then,  from  equation  [2]  (page  240) 

g   ^ Eg ^  pg-i 

d[d  +  ff  +  X  +  i^\\r  +  a  +  X  +I£\ 

From  this  equation  we  have  to  determine  the  highest  value  we  can 
give  to  d ;  this  will  be  limited  by  the  figure  of  merit  (page  98) 
of  the  galvanometer,  and  also  by  the  value  of  a.  Let  us  write  the 
above  equation  in  the  form 


d<a  -f  r  +  a;  +  ^|. 


1 

+ 

1 

' 

a 

9^ 

9  -^x-k- 

d\ 

9o« 
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E 
Now  since     -  is  a  fixed  quantity,  therefore  in  order  that  d  may 

have  as  large  a  value  as  possible  we  must  give  a  such  a  value  that 


<a  +  r  +  x  + 


rx 
d 


1 

+ 

1 

' 

a 

^« 

9 

+  X 

-d\ 

is  a£  small  as  possible.     From  the  investigation   given  in  §  265 
(page  289)  we  can  see  that  if  we  make  a  as  low  as  possible,  but  not 

lower  than,  say,  -^*   ,  then 

^  g  +  x 


ja  +  r+ic  +  ^Wa 


I         g  +  x  +  d\ 

will  be  very  close  to  its  minimum  value,  no  matter  how  high  d 
may  be. 

For  the  purpose  of  determining  the  actual  numerical  value  which 
d  can  have,  let  us  write  equation  [B]  in  the  form 

I        ^  all         r  +  a?  +  fli       c^ir  -{-  x  ■{-  a) 

this  equation,  being  an  ordinary  quadratic,*  would  enable  the  value 
of  (^  to  be  obtained  in  terms  of  the  other  quantities  in  the  usual 
manner,  but  inasmuch  as  we  only  require  to  determine  the  value  of  d 
within,  say,  10  per  cent.,  it  is  a  much  simpler  and  shorter  operation 

*•  The  aoliition  of  the  quadratic  equation  is  as  follows : — 
Let 

a 
'«        =B. 


then  we  get 
theiefoxe 


e^ir+x^-a) 
jd  +  A)  jd  +  BJ  =K. 
<P  +  d(A  +  B)  =  K^AB, 


or 


rf«  +  d<A  +  B)  +  (4_+By=  K  -  AB  +  ^!+i^B  +  B^  =«  +  <f  -  "•). 

theiefore 

,_  V4Ki+(A-~By^      A  +  B_  V4K  +  (A-B)«-(A  +B) 

tt  "■"  — ^— — — ^  "■"    ■  ^ —  —  _,  • 

9  2  2 
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to  adopt  the  "  trial "  method ;  that  is  to  say,  to  give  d  different 
values  until  we  arrive  at  one  which  approximately  satisfies  the 
equation. 

For  example. 

Suppose,  as  iu  the  last  example, 

E  =  10, 

X  =  500  (from  a  rough  test), 

g  =  5000, 

r  =  200, 

Ce=  -000,000,01; 

then  make  a  =  500  ; 

we  then  get 

J^  -I.  »iAAA  ^  r^(^a   .5000  X  500  H    ,  .  200  x  500        I 

je?4-  5000  +  500  +--^-™[j  rf+  2^^  ^  500  +  500( 

10  X  500 


•000,000,01  (200  +  500  +  500)' 

or 

{d  +  10,500}  {rf  +  88-8}  =  4,170,000,000. 

If  we  make  d  =  60,000  we  shall  very  nearly  satisfy  the  equation, 
for 

{60,000  +  10,500}  {60,000  +  83-8}  =  4,286,000,000. 

As  the  value  which  d  will  have  will  depend  upon  the  value  given 
to  by  the  latter  must  be  made  equal  to 

^  500  X  60,000  ^  ^ 
500 

As  regards  the  possibU  degree  of  accuracy  with  which  the  test  can 
Ije  made,  we  have  seen  on  page  248  that 


we  therefore  have 


^"   d' 


X=     ^P  -=  -0088, 
60,000 


which  equals 

•^^^^«^^->^>^»  =  . 0017  per  cent.; 
500  ^ 

this  compares  unfavourably  witli  the  result  obtained  when  the  test 
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was  made  with  rf  of  a  low  value  and  adjustable  to  ,  ^Vo  ^^  *  unity  the 
percentage  of  accuracy  in  the  latter  case  being  '0003  per  cent.  To 
summarise  the  results  of  the  investigation,  we  have 

Jkst  CoiuiUions  for  makimj  ths  Test, 

270.  Make  a  as  low  as  possible,  but  not  lower  thau     -^^ 
Make  d  as  high  as  possible,  but  not  so  high  that 

I  fl  M         r  +  aj  +  fl  I 

is  greater  than 

Eaj 


c^{r  +  X  -\-  ay 
c^  being  the  figure  of  merit  of  the  galvanometer. 

Possible  Degree  of  Accuracy  Attainable. 

Percentiige  of  accurdcy  =  =        . 

X  a 

If  we  make  d  adjustable  to  any  particular  fraction  of  a  unit,  we 
can  tell  the  degree  of  accui-acy  with  which  x  could  be  measured,  for 

if  in  equation  [A]  (page  248)  we  put      instead  of  1,  we  get 

n 

nd' 
and  equation  [B]  (page  248)  becomes 

<d  +  g  +  X +  ^~}<d  +  -  }  =  --      i  N- 

(  All        r  +  a?  +  ai       n    c^\^  -v  x  ■\-  a) 

If  in  this  last  equation  we  give  to  -  the  fractional  value  to  which 

d  is  adjustable,  we  determine  the  degree  of  accuracy  with  which  we 
can  make  the  test. 

For  example. 

Suppose  d  was  adjustable  to  ^-^^  of  a  unit  (    j,  then  we  have 

(giving  to  x^  a,  ^,  and  r  the  values  used  in  the  previous  examples) 

\d  +  10,500}{(^  +  88-8}  =  417,000,000. 
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If  we  make  d  =  16,000,  we  shall  very  nearly  satisfy  the  equation, 
and  the  percentage  of  aocnmcy,  X',  with  which  x  would  be  measured 
would  be 


A  X 100 

.,      nd  100  100  .A/.Ai!o  ^ 

A  =  =  — -  =  —- =-T-rx7  =    00062  per  cent. 

X  nd       10  X  16,000  ^ 


271.  At  the  commencement  of  the  chapter  (fi  256,  page  2S2),  we 
saw  that  by  making  b  10  or  100  times  as  great  as  a,  and  consequently 
d  10  or  100  times  as  great  as  x,  we  were  enabled  to  meafiure  2;  to  an 
accuracy  of  -j^th  or  rkn^^  ^^  ^  ^^^j  although  d  was  adjustable  to 
units  only.  Every  unit  in  d,  in  fact,  represented  ^th  or  r^th  of  a 
unit  in  x.  But  to  measure  to  an  accuracy  of  ^hf^^  ^^  ^  ^^^9  ^^^ 
the  forms  of  bridge  shown  in  Chapter  II.,  pages  13  to  18,  the 
resistances  in  a  and  b  have  to  be  10  and  1000  respectively,  we  have  no 
other  choice.     In  the  investigation  we  have  made,  we  have  seen  that 

a  should  be  not  less  than     ^^   ,  but  in  the  bridge    as  usually 

arranged,  if  we  wished  to  have  a  and  b  in  the  proportion  of  1  to  100, 
so  that  we  could  measure  to  the  accuracy  of  j^th  of  a  unit,  we 
might  find  that  we  should  have  to  very  considerably  transgress  the 

rule  of  not  making  a  smaller  than    ^^   ,  unless  indeed,  x  were  a  low 

resistance  ;  for  inasmuch  as  we  could  adjust  the  resistances  in  the 
bridge  so  as  theoretically  to  measure  a  resistance  of  100"  to  an 
accuracy  of  ^th  of  a  unit,  if  the  resistance  were  as  high,  or  nearly 
as  high,  as  100,  it  might  be  10  times,  or  nearly  10  times,  as  high  as  we 
could  make  a.  Under  these  conditions,  then,  the  bridge  is  not  in  a 
favourable  condition  for  ensuring  an  accurate  test 

We  say  it  is  not  in  a  favourable  condition  for  ensuring  accuracy, 
but  it  does  not  follow  therefore  that  we  cannot  measure  a  resistance 
of  lOO'^  to  an  accuracy  of  riir^h  ^^  ^  ^i^t  with  such  an  arrangement. 
A  galvanometer,  if  it  has  a  high  figure  of  merit,  may,  although  the 
conditions  are  unfavourable,  still  give  a  sufiScient  deflection  to  enable 
us  to  exactly  adjust. 

What,  then,  it  may  be  asked,  is  the  practical  value  of  the  results 
we  have  theoretically  arrived  at  ?  The  value  is  this :  if  we  find  we 
have  not  got  sufficient  sensitiveness  to  obtain  a  good  test,  then  we  can 
see  the  cause,  and  how  it  may  be  remedied.  The  reenlts  further 
show  that  the  values  given  to  a  and  b  in  the  bridges  as  ordinarily 
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arranged  are  sach  that  only  certain  resistances  can   be  measured 
ander  the  best  conditions  for  ensuring  accuracy. 

272.  It  should  not  be  overlooked  that  the  conditions  for  obtaining 
a  good  test  are,  to  a  very  great  extent,  dependent  upon  the  resistance 
of  the  galvanometer  used,  since  the  value  which  a  must  have  is 
dependent  upon  both  ff  and  x.  But  it  must  not  therefore  be  imagined 
that  we  can  make  these  conditions  anything  we  please  by  employing 
a  galvanometer  of  a  low  resistance,  for  such  galvanometers  have  low 
figures  of  merit,  and  consequently  what  is  gained  in  one  direction  by 
having  g  low,  is  more  than  counterbalanced  by  having  the  figure  of 
merit  low.  It  must  be  evident  then,  that  the  whole  question  of  the 
accuracy  with  which  a  bridge  test  can  be  made  is  dependent,  in  the 
first  instance,  upon  both  the  resistance  and  figure  of  merit  of  the 
galvanometer,  and,  as  we  shall  see,  in  certain  cases  it  is  absolutely 
necessary  tlmt  the  resistance  be  very  low,  although  the  figure  of  merit 
has  consequently  to  be  low  also. 


Measurement  of  a  Resistance  when  exact  Equilibrium 

cannot  be  obtained. 

278.  It  very  often  happens,  especially  when  measuring  small 
resistances,  that  exact  equilibrium  cannot  be  obtained  in  the  bridge  ; 
thus  one  unit  too  much  in  d  may  give  a  deflection  to  one  side  of  zero, 
and  one  unit  too  little,  a  deflection  to  the  other  side  of  zero,  and  as 
no  nearer  adjustment  can  be  made,  the  exact  value  of  ^  is  not  directly 
determinable.  If,  however,  the  values  of  the  deflections  be  noted, 
the  true  value  of  x  can  be  obtained  very  closely. 

On  page  238  we  have  an  equation  [8]  which  gives  the  value  of 
the  current  (c^)  passing  through  the  galvanometer  when  equilibrium 
is  not  produced. 

Let,  then,  c'  be  the  current  which  produces,  say,  a  left-hand 
deflection  of  the  galvanometer  needle,  and  let  this  current  be  caused 
by  d  being  too  small ;  also  let  c"  be  the  current  which  produces  a. 
right-hand  deflection,  and  let  this  current  be  caused  by  d  being  too 
large.  Then  if  d^  and  d^'  be  the  smaller  and  larger  resistances 
respectively,  we  have  two  equations,  viz. 

r  =       — — ,     and      -  r    =      ~   -, , 

where  B'  and  B"  are  quantities  corresponding  to  B^  in  equation  [8]. 
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Now,  since  d  and  d'  are  very  nearly  eqaal,  B'  and  B"  may  be 
taken  as  being  equal  withoat  sensibly  altering  the  relative  values  of 
d  and  c"  ;  therefore  we  may  say 

d       adl  -  })x 
7'  ~  ad'  -  bx 
that  is, 

c' ad'  -  (^hx  =  c'bx  -c" ad^ 

or 

h  {c'  +  d')     ' 

But  as  d'  would  be  only  1  unit  larger  than  d,  that  is,  as 

d'  =  d  +1, 
therefore 

a{c'£^  +  c'  +  c" d)^a (,d (c' -^  c")  +  e')^a (  ,     _j^    \ 
h  (V  +  c!')  b  (c'  +  V)      ■     b\        c'  +  c'r 

For  example, 

a  and  b  being  10"  and  1000"  respectively,  when  d  was  adjusted 
to  156**  a  deflection  of  ir»  divisions  (c')  was  obtained  to  one 
side  of  zero,  and  when  d  was  increased  to  157"  a  deflection  of  20 
divisions  (c")  to  the  other  side  of  zero,  was  observed.  What  was  the 
exact  value  of  aj  ? 


^^10 
1000\ 


Cl56  +  — ?^)=  1-5643*'. 
\  15  +  20/ 


Kelvin- Varlky  Slide  Resibtance  Coils  BRinaE. 

274.  Instead  of  fixing  a  and  b  and  varying  d^  we  may  make  a 
a  fixed  resistance,  and  ^  +  ^  a  slide  resistance,  and  vary  the  ratio  of 
b  t^  d.  Either  a  slide  wire  or  a  set  of  slide  resistance  coils,  such  as 
that  indicated  by  Fig.  14  (page  19),  may  be  used.  The  former 
would  be  employed  \i  b  +  d  \&  required  to  be  a  low  resistance,  the 
latter  if  a  high  resistance  is  necessary. 

A  set  of  coils  allows  of  but  few  different  ratios  being  given  to  b 
and  d,  unless  indeed  the  number  of  coils  is  very  large,  which  would 
be  both  a  cumbersome  and  an  expensive  arrangement.  Lord  Kelvin 
and  the  late  Mr.  Varley,  by  means  of  a  movable  derived  circuit, 
reaching  across  two  of  the  coils,  devised  a  means  of  subdividing  each 
of  the  latter.  This  arrangement  is  shown  by  means  of  Figs.  124 
and  125.     Referring  to   Fig.  125,  let  us  suppose  that  equilibrium 
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255 


is  prodnoed  so  that  no  current  circulates  through  the  galvanometer. 
This  being  the  case,  the  points  C  apd  A  may  be  joined  without 
altering  the  current  strengths  in  the  various  circuits. 


Fig.  124. 


Fio.  125. 

"Let  us  suppose  this  junction  to  be  eifcicted ;  then  by  applying 
KirchoiFs  laws  (page  200),  we  have  the  following  relations  existing 
between  the  current  strengths  and  the  resistances  in  the  system  : — 


^•2         -  ^3       - 

-   f 4         =   0. 

r.^a   -  c^h  - 

-   ^4Pl   =   ^' 

c^x   -c^d  - 

-  C^P2  =  <^- 

^aPi  +^4P2- 

-    C^K      —    i). 

[A] 
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By  substitutioTi  we  get 

c^x  =^  c^(^i-±-B^d  +  d  +  p.,). 
If  we  divide  one  equation  by  the  other,  then  we  have 

X      d(p^  +  f>2  +  '^)  +  '^Pi 
Now  if  in  this  equation  we  make  k  =  /»,  +  /ag,  we  get 

»  ^  tHPi  +  P2)  +  (/>!+  P2)Pl  ^  '^A±Pi  = 'i. 

.       ^         2^(Pl  +P2)  +  (Pl   +P2)P2         ^^  +  P2         rf+6 

2 

This  equation  shows  that  if  the  slide  resistance  Pi  +  pj  ^  made 
equal  to  the  portion  k  of  the  slide  resistance  b  +  k  +  d  which  it 
encloses,  then  the  values  of  the  resistances  between  the  points  B  A 
and  E  A  will  be  to  one  another,  as  the  resistance  b  plus  half  the 
resistance  p^,  is  to  the  resistance  d plus  half  the  resistance  p^* 

If,  therefore,  we  have  b  •\-  k  -\-  d  formed  of  101  coils  of,  say, 
1000"  each,  and  p^  +  p^  of  100  coils  of  20"  each,  that  is,  2000* 
(Pi  +  P2)  i^  ^^1>  *"^  further,  if  the  slider  s^  (Fig.  124,  page  255) 
bridges  across  two  of  the  1000"  coils  so  as  to  enclose  a  resistance 
of  2000"  (#c),  then  a  movement  of  slider  s^  from  one  contact  to  the 
next  represents  an  alteration  of  10"  in  the  ratio  of  B  A  to  E  A, 
whilst  a  similar  movement  of  the  slider  s^  represents  an  alteration 
of  1000".  We  can  thus,  by  means  of  the  201  coils,  101  of  1000-  each, 
and  100  of  20"  each,  obtain  10,000  ratios  of  B  A  and  E  A,  each 
differing  from  the  next  by  10". 

275.  A  consideration  of  the  note  (*)  wiU  make  it  evident  that 
the  Kelvin- Varley  slide  principle  can  be  applied  to  the  Ayrton- 
Mather  Universal  Shunt  (page  110)  ;  this  has  been  done  by  Mr.  H. 
W.  SulUvan  (page  118),  and  also  by  Mr.  J.  Rymer  Jones  (page  116). 

*  This  alao  follows  almost  as  a  matter  of  ooune  from  the  following  conaidera- 
tiou : — Since  k  is  equal  to  p,  +  p,,  the  current  flowing  through  «  must  be  equal  to 
the  current  flowing  through  Pi  +  pt«  ^^^>  further,  the  point  on  k  which  the  slider 
A  touches  must  nave  an  exactly  corresponding  point  on  p,  +  p|,  which  two 
))oints  if  connected  together  cannot  affect  tne  flow  of  the-  cunents  in  the  resist- 
ances, that  is,  cannot  affect  the  balance  011  the  galvanometer,  and,  morc^oyer,  it 
must  be  evident  that  as  ic  is  equal  to  pj  +  pii  the  portions  into  which  k  is  divided 
on  either  side  of  the  connected  points  must  be  equal  to  p,  and  p„  i.e.  tlie  resistance 


^and?2 
2  2 

It  may  be  added  that  if  k  is  not  equal  to  p,  +  p^  then  the  point  on  k  onne- 


on  either  side  of  the  connected  points  must  be  ^  and  ^  Kspeotlvely. 

2  2 
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We  could,  if  reqaired,  have  a  second  slider  like  ^2  ^  move  along 
Pi  +  p2  (Fig*  ^^^)i  A^d  connected  to  a  third  set  of  coils  along  which 
the  slider  s^  would  move  ;  by  this  means  the  diflFerences  of  10"  could 
be  subdivided  into  differences  of  y^j".  In  fact,  we  could  have  any 
number  of  sets  of  coils  with  sliders,  each  carrying  out  the  subdivision 
to  any  required  degree. 

When  we  come  to  make  very  small  subdivisions,  such,  for  instance, 
as  subdividing  t^**  into  100  parts  of  i^jVo"  ^^h,  it  would  be  in- 
convenient to  employ  a  set  of  small  resistances,  as  they  are  difficult 
to  adjust  exactly ;  slide  wires  (§  27,  page  19)  may  therefore  be  em- 
ployed with  advantage  for  the  purpose. 

276.  Fig  126  shows  a  convenient  arrangement  of  the  Slide  Resist- 
ance Coils  Bridge ;  the  coils  in  this  case  are  arranged  in  a  circle 
instead  of  in  a  straight  line  as  represented  by  the  theoretical  diagram. 
Fig.  124.  The  left-hand  dial  contains  the  contacts  and  double  slider 
for  the  1000"  coils,  and  the  right-hand  dial  the  contacts  and  single 
slider  for  the  20"  coils. 

Fig.  127  shows  a  theoretical  arrangement  of  the  Slide  Resistance 
Coils  Bridge :  the  connections  in  this  diagram  differ  from  those  shown 
in  Fig.  124  in  so  far  that  the  relative  positions  of  the  battery  and 
galvanometer  are  reversed,  but  this  reversal  is  not  essential  to  the 
principle,  as  either  arrangement  can  be  employed. 

A  less  elaborate  set  of  slide  coils  (arranged  by  Dr.  Muirhead) 
which  can  be  used  for  the  same  purpose  as  the  foregoing,  is  shown 
by  Fig.  128.  In  this  set  there  are  48  resistances  only,  and  conse- 
quently the  whole  can  be  made  at  a  considerably  less  cost  than  the 
arrangement  shown  in  Fig.  126. 

gponding  to  the  pofsition  of  the  slider  on  p|  +  p,  must  be  saoh  that  k  is  divided 

p.  p. 

into  the  two  parts  k       ,— -  and  k       ,    -  respectively,  and  the  resistances  on 

Pi  T  Pt  />!  "t-  Ft 

either  side  of  the  connected  points  must  he 

Pi      ,  «  +  0>i  +  Pi) 

and  «cp2 

«  +  (Pi  +  P»)' 
respectively.    80  that  if,  for  example,  pi  +  p^  were  equal  to  2  ic,  then  ^  i~r^\    ~\ 

and  —i-^-^-. — ^  would  have  the  respective  values  ^  and  5;  so  that  the 

« +  (Pi  +  P»)  6  d 

equation  for  equilibrium  would  be 

and  SO  on. 

S 
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Mbasurbmbnt  op  Low  Ebsibtances, 

slide  wibe  oe  hbtkk  beioae. 

ill.  The  simple  slide  wire  bridge  is  a  very  osefal  arraDgemenl, 
as  a  very  close  adjuBtinent  can  be  made  by  ite  means,  and  great 
accuracy  of  meaaarement  thereby  be  obtained.  jj* 

It   is    especially   useful    for    measaring   small  ^ 
i  accurately. 


c 


Ll 


Vm.  180. 

A  fonn  in  which  tills  description  of  bridge 
IB  very  generally  constructed  is  shown  by 
Fig.  129. 

The  slide  wire,  which  is  1  metre  long  and 
about  l'5mm.  in  diameter,  is  stretched  upon 
an  oblong  board  (forming  the  base  of  the 
instrument)  parallel  to  a  metre  scale  divided 
throu^out  ite  whole  length  into  millimetres, 
liiid  so  placed  that  its  two  ends  are  as  nearly 
ae  possible  opposite  to  the  divisions  0  and  1000 
re^)ectively  of  the  scale. 

The  ends  of  the  wire  are  soldered  to  a 
broad,  thick  copper  band,  which  passes  round 
each  end  of  the  graduated  scale,  and  runs 
parallel  to  it  on  the  side  opposite  to  the  wire. 

This  band  is  interrupted  by  four  gape  at 
nij,  a,  X,  and  tn^.  On  each  side  of  these  gaps, 
and  also  at  B,  G,  and  E,  are  terminals. 

In  the  ordinary  use  of  the  apparatus 
(Fig.  130),  the  wires  from  the  battery  are 
attached  to  the  terminals  B  and  E,  and  the 
galvanometei'  is  connected  between  C  and  the 
slider  A ;  by  pressing  down  a  knob  this  latter 
is  pot  in  contact  with  the  wire. 
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The  conductor  whose  resistance  has  to  be  measared,  and  a 
standard  resistance,  are  placed  in  the  gaps  at  x  and  a  respectively. 

The  two  gaps  at  m^  and  wig  (Fig.  127)  can  either  be  bridged 
across  bj  thick  copper  straps,  or  resistances  of  known  valnes  can  be 
inserted  in  them ;  it  is  easy  to  see  that  these  resistances  are  simply 
ungradnated  prolongations  of  the  slide  wire. 

278.  If  we  have  no  resistance  in  these  gaps,  then  when  we  have 
equilibrium, 

X      d  d 

=  ,,    or,    x-=  a    . 
a      0  0 

d . 
As     is  merely  a  ratio,  we  do  not  require  to  know  the  absolute  values 

of  d  and  &,  but  only  their  relative  values,  that  is  to  say,  we  only 
require  to  know  the  Imgtlis  of  the  portions  on  either  side  of  the 
slider  A,  and  not  the  resistances  of  those  portions. 
The  length  k  of  the  slide  wire  is  constant,  that  is, 

h  -{■  d  =  k^    or,    d  =  k  -  b, 
therefore 

k-  b 


X  =  a 

b 


'<-')■■ 


but  k  =  1000  millimetres,  and  b  is  usually  called  the  smJe  reading, 
therefore  we  have 

x  =  a(     -^^-^^-       -  lY  [A] 

^  scale  reading         / 

For  example. 

The  standard  resistance  a  being  1**,  equilibrium  was  obtained 
when  the  scale  reading  was  510  ;  wliat  was  tlie  value  of  the  unknown 
resistance  x  ? 

'-•Cr -')=•«>■• 

279.  It  lias  been  pointed  out  by  Mr.  Martin  F.  Roberts  that 
equation  [A]  is  the  same  as 

,/ (reciprocal  of)  1..^^       ,\ 
'  =  M.lscale  reading)  1^^^^-V- 

and  that  consequently,  by  the  use  of  a  table  of  reciprocals,  cal- 
culations can  be  considerably  simplified  in  working  out  the  value 

of  X. 
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280.  Equation  [A]  is  only  true  if  the  resistances  between  the 
ends  of  the  slide  wire  and  the  terminals  B  and  E  are  zero.  But, 
although  it  may  not  appear  so,  it  is  by  no  means  easy  to  make  these 
resistances  inappreciable ;  even  the  careful  soldering  of  the  ends  of 
the  wire  to  the  copper  straps  introduces  a  resistance  which  is  sufficient 
to  affect  very  accurate  tests.  Referring  to  Fig.  129,  in  which  ii^  and 
n^  are  these  resistances,  we  know  that,  strictly  speaking, 

X  _  d  -\-  n^, 
a      b  +  n^ ' 
or  that 


Vscale  reading  +  ti^        )' 


To  make  a  strictly  accurate  test,  then,  we  must  know  the  values 
of  /?!  and  7*2  in  terms  of  the  equivalent  length  of  the  slide  wire. 
These  may  be  obtained  in  the  following  manner  : — 

Having  bridged  across  the  gaps  at  m^  and  m^  with  thick  copper 
straps,  taking  care  that  the  surfaces  in  contact  are  scraped  bright, 
insert  known  resistances  at  a  and  x^  a  being  rather  larger  than  x : 
then  having  obtained  equilibrium,  we  have 

a{d  ■{■  n^  =  x{b  -\-  n^ ; 

now  reverse  a  and  a;,  and  again  obtain  equilibrium.     Let  the  new 
scale  readings  be  \  and  d^ ;  we  then  have 

a;  (6^  +  Hg)  =  fl  (^  +  /ii). 

By  multiplying  up  and  arranging  the  quantities,  we  have 

an^^  xb  +  xn^  -  ad^ 


and 
therefore 

that  is 
therefore 


xn.2  =  ab^  +  a  n^  -  xd^; 

a  _   xb  +  xn^  -  ad  ^ 
X      abi  +  an^  -  xdi' 

d^n^-x^ni  —  x^b-axd-a^b^  +  ax  d^, 


_ax{d^-  d)  +  x^b  -  a^  b^ 
In  a  similar  manner  we  should  find 


_ax(b  -  b^)  +  x^ d^  -  cd^d ^ 
a^  -  x^ 
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or  since 


that  is, 
we  have 

and 


b  +  d=bi  +  di=  1000, 

d  =  1000  -  b,    and  d^  =  1000  -  b^, 

_  a x(b  -  b^)  +  x^ b  -  d^ bi  _  b X  -  b^  a 
'  ^  ""  a"^  -  x^  "     a  -~i    ' 

«    _  (1000  -  b{)x  -  (1000  -  b)a 

a  -  X 


For  example. 

In  order  to  determine  n^  and  n^,  resistances  were  inserted  at  a  and 
X  eqnal  to  3**  and  2**  respectively.  Balance  was  obtained  when  the 
scale  reading  b  was  608.  On  reversing  a  and  x,  balance  was  obtained 
when  the  scale  reading  ^^  was  899.  What  were  the  vakies  of  /fj 
and  n^  ? 

^  (608  X  2)  -  (899  x  3)  ^  ^  ^^^ 
^  8-2 

^    ^  (1000  -  899)2  -  (1000  -  603)8  ^  ^^  ^^ 
^       ,  8-2 

The  value  of  x,  then,  woald  be  given  by  the  equation 

a;  =  rtf  ^^^^^^  +  9  +  11    _  i\      ^/ 1020 A 

Vscale  reading  +  9         /         Vscale  reading  +  9         /' 

281.  Although  perfectly  satisfactory  results  may  be  obtained 
with  the  metre  bridge  when  the  latter  is  properly  made,  and  when 
the  measurements  are  carefullv  carried  out,  vet  considerable  trouble  is 
often  occasioned  to  inexperienced  persons  by  results  being  obtained 
which  are  obviously  erroneous.  One  most  frequent  cause  of  error  is 
that  occasioned  by  imperfect  contacts ;  great  care  should  therefore  be 
taken  that  the  important  connections,  viz.  those  at  the  gaps,  should 
be  well  made  ;  this  should  be  ensured  by  having  the  various  surfaces 
in  contact  made  clean  and  bright  by  scraping.  Good  contacts  are 
best  assured  by  having  mercury  cups  at  the  gaps  instead  of  screw 
terminals  ;  care  should  be  taken  that  the  mercury  in  these  cups  is  in 
good  metallic  contact  with  them,  that  is  to  say,  it  should  tvet  the 
metallic  surfaces.  The  mercury  should,  of  course,  also  make  good 
contact  with  the  ends  of  the  wires  or  rods  (the  latter  usually  being 
attached  to  the  standard  resistances),  which  may  be  dipped  into  the 
cups. 

The  amalgamation  of   the  metallic   surfaces  is  best  eifected  by 
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scouring  the  latter  with  einerj  paper,  and  then  moistening  them  with 
a  solution  of  nitrate  of  mercury. 

282.  A  form  of  bridge  in 
which  mercury  cups  are  used 
in  the  place  of  terminals  for 
the  more  unportant  connec- 
tions is  shown  by  Fig.  181. 
This  apparatus  is  also  pro- 
vided with  a  commutator 
for  reversing  the  resistances 
placed  at  a  and  x.  This  com- 
mutator is  formfed  of  four 
mercury  cups  (seen  in  the 
centre  of  the  figure)  forming 
the  corners  of  a  square. 
These  cups  can  be  connected 
by  means  of  the  connector 
shown  in  the  upper  part  of 
the  figure.  This  connector  is 
simply  a  short  bar  of  ebonite 
with  short  copper  rods  at  its 
extremities  and  at  right  angles 
to  the  latter ;  the  ends  of 
these  rods  are  bent  down  so 
that  they  can  dip  into  the 
caps  when  the  arrangement  is 
placed  over  the  latter.  If  the 
connector  is  placed  over  the 
cups  so  that  the  ebonite  biir  is 
in  the  position  shown  by  the 
dotted  line,  1-2,  then  it  will 
be  seen  that  the  left-hand  cup 
at  a  is  connected  to  the  right- 
hand  cup  at  m^,  and  the  right- 
hand  cup  at  X  to  the  left- 
hand  cup  at  TWg ;  if  J  however, 
the    ebonite    bar    is    in    the 

position  shown  by  the  dotted  line,  1-2^  then  the  left-hand  cup  at  a  is 
connected  to  the  left-hand  cup  at  7/}^,  and  the  right-hand  cup  at  2;  to 
the  right-hand  cup  at  m^. 

Even  if  good  contacts  be  assured,  correct  results  cannot  be  ob- 
tained if  the  standard  resistances  are  incorrect,  or  if  the  slide  wire  is 
not  uniform  in  its  resistance  throughout  its  length. 


HANDBfXIK   OF  ELECTRICAL   TESTING. 


Standard  Rexhiaiu-iix. 

283.  Wbere  great  accuracy  U  not  required,  standard  r 
similar  to  those  ehowii  by  Fig.  1:12  niay  be  used,  lint  for  precise 
meaeurementa  a  more  eluboratfi  pattern  is  neccasary. 

i!84.  The  form  of  standard  resistance  geoeralty  used  for  exact 
meHguremente  with  the  metre  bridge  is  similar  to  that  shown  by 
Fig.  l».'i. 


(1 


The  endn  of  the  brass  rods  to  |the  left  of  the  figure  dip  into  the 
mercury  cnpa ;  the  resisbtnce  iteelf  is  enclosed  in  a  braee  bos  and 
bedded  in  parofBu  wax. 

The  particular  pattern  shown  is  an  arrangement  devised  by 
Professor  Chrystal  t«  show  whether  the  temperature  of  the  interior  of 
the  brass  box  is  the  same  as  that  of  the  surrounding  air.  It  contains 
a  thermo-electric  couple  with  one  junction  outside  and  one  Junction 
inside  the  box  ;  by  connecting  this  couple  (whose  terminals  are  seen 
on  the  upper  part  of  the  box)  to  a  galvanometer  of  low  resistance,  no 
deflection  would  be  produced  if  the  two  junctions,  that  is,  the  paraihn 
inside  and  the  air  outaide  the  box,  are  at  the  same  temperature. 

•285.  There  are  several  objections  to  the  form  of  standard  shown 
by  Fig.  IftS  :  in  the  first  place  the  shell  cannot  be  wholly  immersed 
in  water  (in  order  to  determine  the  temperature  of  the  reaistunce) 
without  partially  short-circuiting  the  electrodes ;  and  moreover,  when 
the  anangement  is  used  as  intended,  then  whilst  the  narrow  or  bottom 
portion  of  the  shell  is  In  the  water,  the  npper  and  more  massive  por- 
tion is  in  the  air,  and  therefore  may  be  at  a  different  temperature  to 
the  bottom  portion  ;  hence  arises  the  donbt  as  to  the  actual  tempera- 
ture of  the  enclosed  reeiatance.     It  has  to  be  borne  in  mind  that  the 
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limitation  of  accuracj  in  comparisonB  of  standards  of  resistuncG  is 
determined  bj  the  difficulty  of  ascertaining  tempcratore  and  not  in 
the  mere  measarement  of  resistance ;  uncertainty  ne  to  the  octnal 
temperatare  of  the  wire  to  the  extent  of  one  or  tvfo  tcnthe  of  a  degree 
Centigrade  renders  nugatory  elaborate  arrangeraents  for  very  accnrate 
measurement  of  resistance.  Again,  if  the  standard  is  immersed  in 
melting  ice  or  snow,  and,  therefore,  cooled  to  0°  C,  deposition  of  dew 
will  take  place  upon  the  upper  surface  through  which  the  rod  electrodes 
protrnde,  and  will  thereby  partially  short-circuit  the  resistance. 

To  avoid  these  defects  Dr.  J.  A.  Fleming  has  devised  the  very 
excellent  form  of  standard  shown  by  Fig.  134.  The  case  or  shell 
which  contains  the  coil  is  in  the  form  of  a  ring.  This  ring  consists 
of  a  pair  of  square-sectioned 
circular  troughs  provided  with 
flanges  which  are  screwed  together 
with  rubber  packing,  so  as  to 
form  a  square-sectioned,  hollow, 
water-tight,  circular  ring.  From 
this  ring  proceed  upwards  two 
brass  tubes  about  5  or  6  inches 
in  length.  Down  these  brass 
tubes  pass  the  copper  electrodes 
or  rods,  and  these  rods  are  in- 
sulated from  the  tubes  at  the 
top  and  bottom  by  ebonite  in- 
sulators. The  insulator  at  the 
bottom  of  the  tube,  where  it  enters 
the  ring,  is  a  simple  collar,  that  at 
the  top  has  the  form  of  a  funnel  corrugated  on  its  outer  surface. 
The  actual  resistance  coil  is  a  length  of  platinum  silver  wire,  three- 
fold silk  covered,  saturated  in  ozokerit,  and  enclosed  in  the  groove  in 
the  ring.  The  resistance-coil  is  thus  contained  in  a  thin  ring  of 
metAl,  and  can  be  placed  wholly  below  the  surface  of  water  or  ice. 
In  order  to  prevent  surface  leakage  from  one  electrode  to  the  other, 
an  insulating  oil  can  be  placed  in  the  ebonite  funnels. 

The  ring-coils  when  in  use  are  placed  on  rather  shallow  zinc 
troughs,  which  can  be  filled  with  water,  and  arc  closed  with  a  wooden 
lid.  The  large  metallic  mass  of  the  ring  assists  in  quickly  bringing 
the  whole  to  the  temperature  of  the  surrounding  water,  in  which,  of 
course,  an  accurate  thermometer  is  placed. 

286.  A  very  good  pattern  of  standard  resistance  is  that  shown 
by  Fig.  1S5,  designed  hy  Messrs.  Nalder.     This  form  reduces  to  a 
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minimum  the  varioua  elemento  of  error  to  which  the  ordinary  psttem 
IB  liable,  such,  for  instance,  as  the  condactioQ  of  heat  to  the  enclooed 

resistance  dova  the  copper  legs  from 

the  outeide. 

■287.  The  ttccumcy  with  which  a 
test. may  be  made  depends  npon  the 
values  of  the  various  resistances,  aud 
amongHt  these  upon  the  value  given  to 
k.  In  order  to  be  able  to  vary  the 
value  of  this  quantity,  the  gape  at  m^ 
and  njj  (Fig.  129,  page  259)  are  pro- 
vided. 

As  the  resistances  placed  in  these 

gaps  are  simply  prolongations  of  the 

Fk).  186.  shde  wire,  it  is  necessary  that   their 

values  should  be  known  in  terms  of 

equivalent  lengths  of  the  slide  wire ;  that  is,  we  muBt  know  how 

many  millimetres  of  the  wire  they  are  equal  to.    This  is  best  done  in 

the  following  manner  ; — 

Close  the  gaps  at  m,  and  m^  with  the  thick  copper  straps,  and 
place  resistances  of  known  values  at  a  and  x.  Adjust  the  slides  bo 
that  equilibrium  is  produced,  then 


/moo  +  «i  4-  "a  _  t^ 


x(b  +  H,)  +  «(XOilO  +  n^  -  b); 

Now  insert  one  of  the  resistances,  whose  equivalent  length  m,  in 
millimetres  is  required,  at  the  left-hand  gap,  and  again  obtain 
equilibrium ;  calling  the  new  scale  reading  b^  we  then  have 

zibi  -H  »!  +  Ml)  =  (1(1000  +  fij  -  fti)i 
by  subtracting  the  one  equation  from  the  other  we  get 
x{b  -  6|)  -  arnij  =  a  (ft,  -  b). 


that  is, 


(i  ~  bj){a  +  x)  = 


HI,  =  (.j  -  b^)^  -'. 
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For  example. 

It  being  required  to  know  how  many  millimetres  of  the  slide  wire 
a  resistance  m^  was  equal  to,  the  scale  reading  b,  with  the  two  gaps 
closed,  was  500  mm.,  and  the  scale  reading  b^,  with  m^  inserted,  was 
480  mm.,  the  resistances  at  a  and  x  being  6**  and  4"  respectively. 
What  was  the  value  of  m^  ? 

# 

mi  =  (500  -  480)  ^^  =  50  mm. 

If  we  have  a  and  x  equal,  we  get  the  simplification 

m^  =  (b  -  b{)  2. 

There  are  other  methods  of  determining  the  value  of  wig,  but  the  one 
given,  besides  being  Extremely  simple,  is  very  accurate,  as  it  is 
independent  of  the  quantities  n^  and  n^. 

The  millimetre  values  of  the  resistances  to  be  placed  at  m^  and  m^ 
being  thus  determined,  the  value  of  x  is  given  by  the  equation 

X  =  a(^.^^f^  +  ni  +  n^  +  m^  +  mg  _  ^\ 
\   scale  reading  +  n^  -^  m^  /' 

288.  Let  us  now  consider  the  beat  arrangemefit  of  resistances,  etc., 
for  making  a  test  with  the  metre  bridge  under  favourable  conditions. 

Now  a  mistake  of  a  millimetre  in  the  position  of  the  slider  will 
make  a  much  greater  error  in  the  result  of  x  worked  out  from  the 
formula,  when  the  slider  is  near  the  ends  of  the  wire  than  when  it  is 
near  the  middle.  Thus,  for  example,  suppose  x  was  1"  and  a  was 
also  1**,  then  we  should  have  the  slider  standing  exactly  at  500  if  it 
were  properly  adjusted.  Suppose,  however,  it  was  1  millimetre  out, 
then  the  apparent  value  of  x  would  be 

^       ,  /lOOO 

X 


='Cr -.)-■»-, 


^501 

that  is,  we  make  a?,  1  -  *  996,  or  •  004%  too  small. 

Next  suppose  a  =  9**,  then  for  equilibrium  the  scale  reading 
would  be  900,  and  if  we  make  a  mistake  of  1  millimetre  we  should 
have 


-»(w -')-•»»■ 


that  is,  we  make  x^l-  '990,  or  '010*",  too  small. 


' 
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Lastly,  let  as  suppose  a  =  J",  then  the  scale  reading  for  exact 
equilibrium  would  be  100,  and  supposing  there  was  an  error  of 
1  millimetre,  we  have 


_  1  / 1000 

^  ~  9  \  ioo 


-  1 W  '\)S\r; 


that  is,  we  make  x,  I  -  "989,  or  ^011**,  too  small. 
To  summarise  the  results,  then,  we  see  that  with 

a  larger  than  x,  error  was  '010,  or  1  per  cent. 
a  equal  to  a?  »»      »»    *  004,  or  |        „ 

a  smaller  than  x  „    *011,  or  1        „ 

The  error,  in  fact,  was  smallest  when  the  slider  was  at  the  middle 
of  the  wire.  We  mnst,  however,  determine  whether  the  middle  is 
really  the  point  at  which  the  error  is  least. 

Calling  k*  the  resistance  of  the  slide  wire  and  its  prolongations 
m^,  m^  and  h'  the  scale  reading  plus  the  prolongation  m^,  let  there  be 
an  error  A  in  ar  caused  by  an  error  -  8  in  h\  then 


X  +  \ 
But 


^Kf^s-O  -•^=''G-^8-0-^ 


X 


=  a{^,  -  1^,    or,    a  = 


X 


k' 


-  1 


therefore 


X  =  * 


r    k 


-  1 


k' 
h' 


-  1 


-  1 


=  X 


c'h 


'\  » 


(*'  -  8)  (*'  -  V) 


or  since  8  is  a  very  smaU  quantity,  we  may  say, 


k  =  X 


b'(kf-  b'Y 


[A] 


Now  we  have  to  make  A.  as  small  as  possible ;    this  we  shall  do» 
since  x  and  kf  are  constant  quantities,  by  making  b'  (Jd  -  V)  as 
large  as  possible. 
But 


*'(*'-^')  =  ^'-(^-^'/. 
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and   to  make  this  expression  as  large  as  possible,  we  must  make 
—  -  y  as  small  as  possible  ;  that  is,  since  h'  must  be  positive,  we  must 

make  it  equal  to  0,  or 

I  -  ^»'  =  0  ;  that  is,  *'  =  I ; 

which  proves  the  truth  of  the  supposition. 

To  ensure  the  slider  being  as  near  the  middle  of  the  wire  as 
possible  when  equilibrium  is  produced,  we  must  make  a  as  nearly  as 
possible  equal  to  a;. 

If  in  equation  [A.]  we  put 


we  get 


X  =  —  of  «,    and,     ^  =  --, 
100        '  '  2  ' 


w      400  8 


so  that  if  when  the  slider  is  near  the  centre  of  A;'  we  can  adjust 
the  slider  to  an  accuracy  of  1  division  (8),  then  if  V  consisted  of 
1000  parts  (as  would  be  the  case  if  there  were  no  prolongations 
''^i*  ^2)'  ^^  could  measure  the  value  of  x  to  an  accuracy  of 

400  X  1         .  '  . 

.  _  _  ._  =  -4  per  cent.' 

1000  ^ 

289.  In  order  to  make  a  measurement  in  this  manner,  as  we  have 
seen,  it  is  necessary  for  a  to  be  approximately  equal  to  jr.  Now  in 
many  cases  there  would  be  no  difficulty  in  arranging  that  such 
should  be  the  case.  Thus,  for  example,  suppose  it  were  required  to 
measure  the  conductivity  of  a  sample  of  wire,  then  in  this  case 
we  should  take  a  sufficient  length  of  the  wire  to  ^%  a  resistance 
approitimately  equal  to  a,  and  then  having  measured  the  exact  length 
taken,  we  should  ascertain  its  exact  resistance  by  adjusting  the  slider 
until  equilibrium  was  obtained. 

290.  If  we  wish  the  measurement  to  be  made  to  a  higher 
percentage  of  accuracy  than  can  be  made  with  the  slide  wire  fc  alone, 
then  we  must  add  equal  resistances,  m^  and  m^,  at  each  end  of  the 
wire  so  as  to  increase  the  value  of  k. 

Since 

w  _  400  S 
A  -    ^    , 
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therefore 

t,  _  400  8 

so  that  if  we  wish  to  measure  t  to  an  accuracy,  say,  of  •  1  per  ceot., 
then  we  must  make  h'  equal  to 

that  is  to  say,  we  must  add  resistances  m^  and  m^  at  each  end  of  h^ 
each  equivalent  to  1500  millimetres  of  the  wire  k.  It  must  he 
recollected,  however,  that  there  will  be  no  advantage  in  thus  increas- 
ing the  length  of  k,  unless  the  figure  of  merit  of  the  galvanometer 
employed  is  sufficiently  high  to  enable  a  movement  of  the  slider  to  a 
distance  of  1  division  from  its  correct  position,  to  produce  a  per- 
ceptible movement  of  the  needle. 

If  the  resistance  to  be  measured  ib  not  one  which  admits  of  adjust- 
ment, then  in  order  to  obtain  a  satisfactory  measurement  we  must  add 
a  resistance  to  one  or  other  of  the  ends  of  k^  according  as  2;  is 
lai^er  or  smaller  than  a ;  or  we  may  add  resistances  to  both  ends, 
their  values  being  unequal. 

If  in  equation  [A]  (page  268)  we  put 


X 


=  a(|-l)    or,    V^V^,  [1] 


then  we  get 


or  if  we  put 


,  _  (g  +  g)  8 , 


^=1B"^^' 


we  have 


w_  m){a  +  x)h  ,,  _       \x        )    ^ 

^  ~  b'x        '    ^^'     ^  -        -   A'       " 

From  this  equation  we  can  see  that  no  matter  what  are  the 
relative  values  of  a  and  x,  still  b'  can  always  have  a  value  which  will 
enable  a?  to  be  obtained  to  any  percentage  of  accuracy  A.' ;  that  is,  of 
course,  provided  the  figure  of  merit  of  the  galvanometer  be  suffi- 
ciently high  for  the  purpose. 
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For  BxampU. 

It  is  reqpired  to  measure  the  exact  value  of  a  resistance  aj,  whose 
approximate  value  is  five  times  that  of  the  resistance  a  ;  what  must 
be  the  value  of  b'  in  order  that  the  measurement  may  be  made  to  an 
accuracy  of  *  5  per  cent.  ?  The  adjustment  of  the  slider  can  be 
determined  to  an  accuracy  of  1  division. 

100(^  -h  l)l 

b'  =   ±-  ---  =  240. 

•5 

From  equation  [1]  (page  270)  we  get 

k'  =  240  — t  -  =  1440, 

consequently  since  k  consists  of  1000  divisions  we  must  add  to  ^  a 
prolongation  m^  equal  to  not  less  than  440  divisions. 

We  may  of  course  make  the  prolongation  larger  than  440;  in 
fact,  in  practice  we  should  have  to  do  so  unless  we  had  available  a 
resistance  of  the  exact  value  required  ;  but  it  must  not  be  too  large, 
otherwise  the  position  of  balance  for  the  slider  would  be  at  some  point 
on  7^2  instead  of  on  the  wire  k.    In  fact,  ^2  must  not  be  greater 

than  — 
a 

If  it  should  happen  that  in  order  to  obtain  a  particular  percentage 
of  accuracy  it  is  necessary  that  b'  should  exceed  k,  then  in  this  case  it 
would  be  necessary  to  have  a  prolongation  m^  in  addition  to  the 
prolongation  m^i  the  latter  quantity  in  this  case  must  not  exceed 

In  the  last  example  we  have  supposed  a;  to  be  less  than  a.  If, 
however,  x  is  greater  than  a,  then  //  will  probably  have  to  be  greater 
than  k,  in  which  case,  of  course,  we  should  have  to  add  the  prolonga- 
tion m^  in  the  place  of  the  prolongation  mg,  the  value  of  m^  being 

such  that  it  does  not  exceed  k    ,  unless  we  also  add  a  prolongation  met 
in  addition  to  m^,  In  which  case  m^  must  not  exceed  (k  +  Wg)    . 

X 

We  have  seen  that  by  means  of  mj  and  Wo  — the  values  of  which 
can  be  determined  in  the  manner  shown  in  §286  (page  266) -we 
can   theoretically  arrange  that  the  value  of  x  can  be  assured  to 
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any  required  degree  of  accuracy,  no  matter  what  the  relative  values 
of  X  and  a  may  be.  This,  however,  can  only  be  the  case  provided  the 
figure  of  merit  of  the  galvanometer  is  such  as  to  enable  the  slider  to 
be  adjusted  to  an  accuracy  of  1  division.  The  figure  of  merit  of  the 
galvanometer,  therefore,  as  in  other  tests,  is  the  limit  to  the  "  Possible 
degree  of  accuracy  attainable."  This  limit  can  be  determined  from 
equation  [2]  (page  240)  in  the  following  manner : — 

Let  X  be  the  error  in  x,  cau9ed  by  b'  being  ^^  th  of  a  unit  out  of 
adjustment,  then  we  have 

a.  +  X  =  a^_«,     or,    \=a^    -\-x=^ -•-^^— ^ •; 

M  ■  ■ 

and  since  ad'  =  b  x,  and  ^is  a  very  small  quantity,  we  get 

bx 

we  have  then. from  equation  [2]  (page  240)  by  putting  cT  =  — , 


^6  = 


ji  1  a  +  x 
"'     b' 


j|(^'  +g)  +  x  +  g^\^r  +  a  +  x  +  !^^ 


In  order,  therefore,  that  b'  may  be  able  to  have  the  value  necessary 
to  ensure  x  being  measured  to  the  required  degree  of  accuracy,  the 
value  of  Cq  must  not  be  less  than  that  given  by  the  above  equation. 

As  the  values  of  g,  d,  x^  and  r  are  mostly  easily  obtained  in  ohms, 
the  value  of  V  corresponding  to  the  number  of  divisions  of  which  it 
would  consist  must  be  in  ohms  also  ;  ^,  likewise,  will  have  to  be  the 
resistance,  in  the  fraction  of  an  ohm,  corresponding  to  1  division  (or 
fraction  of  a  division,  if  the  slider  can  be  adjusted  to  a  closer  accuracy 
than  1  division)  of  the  wire  Ic, 

For  example. 

In  the  last  example  it  was  required  to  be  known  whether  a 
galvanometer  whose  resistance  was  l*"  (^),  and  whose  figure  of  merit 
was  '0002  (Cg)  would  be  suitable  for  the  purpose  of  making  the 
measurement  in  question.     The  resistance  of  the  slide  wire,  which 
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wafi  divided  into  1000  divisions  (k),  was  5" ;  the  resistance  a  was 
1**,  and  the  resistance  x  b^  approximately.  The  actual  value  of  the 
prolongation^added  to  k  was  such  as  to  make  k'  equal  to  1560.  The 
resistance  of  the  battery  was  5~  (r),  and  its  electromotive  force  2  volts 
(£)  approximately. 

Since  *  =  1000,  therefore*-  =  -l|-  =  -0005. 

•      1000 

Also  (from  equation  [Ij,  page  270)  we  have 

t'  =  _«^_  =  1  -  1560  ^  23^  ^^^^^  ^  :5  X  260  ^ 

a  -^  X         1  +  5  1000  ^     • 

therefore 

1  +  5 


2  X  -0005  X 

•18 


<^6  = 


jJ(-18  +  l)  +  5  +  lf{5  +  l  +  5  +  5-^} 


^^^  =  -0008, 


(11-65)  (49-46) 

which  is  greater  than  *0002,  the  figure  of  merit  of  the  galvanometer 
in  question,  consequently  the  latter  instrument  is  well  suited  for  the 
purpose  for  which  it  is  required. 

291.  The  resistance  of  the  galvanometer  employed  in  making  a 
bridge  test  is  an  important  point,  especially  as  regards  the  measure- 
ment of  small  resistances. 

In  the  case  of  the^ordinary  bridge  test,  we  can  adjust  within 
1  unit,  and  in  the  case  of  the  slide  wire  bridge,  we  can  adjust  within 
1  millimetre  of  the  wire;  if  then,  the  galvanometers  employed  in 
these  cases  are  such  that  when  we  are  1  unit  or  1  millimetre  from 
exact  equilibrium  we  obtain  perceptible  deflections  of  the  needles, 
then  we  have  what  we  require,  whatever  the  resistances  of  the 
galvanometers  may  be. 

In  the  ordinary  form  of  bridge,  where  the  adjustable  resistances 
are  not  capable  of  being  adjusted  to  a  greater  accuracy  than  1  unit,  a 
Kelvin  galvanometer  (like  those  shown  on  pages  54  to  59),  which 
has  a  resistance  of  about  5000'',  gives,  under  all  circumstances,  a 
very  lai^e  deflection  when  the^^adjustment  is  only  1  unit  from 
equilibrium.  In  the  case  of  the  slide  -wire  bridge,  however,  where  to 
be  1  millimetre  from  exact  equilibrium  means  to  be  only  ,-o]aoo*'^  ^^ 
an  ohm,  or  even  less,  out,  a  galvanometer  of  such  a  high  resistance 
as  5000"  would  not  be  found  to  give  a  perceptible  deflection. 

T 


274  HANDBOOK  OF  ELECTRICAL  TESTING. 

The  reason  is,  that  such  a  galvanometer  is  practically  short- 
circuited  by  the  very  low  resistance  it  has  between  its  terminaJs. 

The  question  of  galvanometer  resistance  is  considered  at  length 
in  Chapter  XXY.,  and  it  is  there  shown  that  it  is  best  that  the 
instrument  should  have  a  resistance  not  more  than  about  10  times,  or 

less  than  about  Ath,  -> — ZJD,     Of  course  in  practice  we  cannot 

adjust  the  resistance  to  meet  every  particular  case,  but  the  limits  given 
are  sufficiently  wide  to  enable  an  instrument  to  be  made  which  would 
prove  satisfactory  for  most  purposes  for  which  the  metre  bridge  is 
adapted  ;  moreover,  if  a  particular  galvanometer  does  not  prove  to  be 
suitable  for  a  particular  purpose,  we  can  ascertain,  by  the  help  of  the 
above  rule,  whether  the  cause  is  due  to  its  resistance  being  too  high 
or  too  low. 

It  should  be  clearly  understood  that  when  we  speak  of  the  resist- 
ance of  the  galvanometer  we  mean  the  resistance  of  the  instrument 
itself,  and  not  the  resistance  in  its  circuit;  thus,  if  according  to 
calculation  it  were  proved  that  the  galvanometer  resistance  should 
be  1",  then  it  would  not  be  carrying  out  the  rule  if  we  took  an 
instrument  having  a  resistance  of,  say,  }",  and  added  a  resistance  of  }** 
in  its  circuit,  for  this  f **  would  be  an  addition  to  the  external  circuit 
and  not  a  part  of  the  resistance  of  the  galvanometer  itself. 

Under  no  conditions  should  the  batttf'y  be  joined  between  A  and 
C,  and  the  galvanometer  between  B  and  E,  for  in  such  a  case  the 
battery  cuirent  in  passing  from  the  slider  to  the  wire  would  be  liable 
to  injure  the  surface  of  the  latter. 

To  sum  up,  then,  we  have 


Conditions  necessary  for  making  the  Test  to  any  required 

Degree  of  Accuracy, 

292.  The  number  of  divisions  of  which  h'  must  consist  in  order 
that  X  may  be  measured  to  an  accuracy  of  A'  per  cent,  must  be  not 
less  than 


100(- +  1^8 


V ' 

8  being  the  number  of  divisions,  or  the  fraction  of  a  division,  to 
which  it  is  possible  to  adjust  the  slider. 
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If  prolongations  are  necessary,  then  m^  mnst  not  exceed  (k  +  m2f    . 

and  ^2  mnst  not  exceed  (k  +  mA    . 

The  Hgnre  of  merit  of  the  galvanometer  must  be  not  less  than 

a  +  X 


E3. 


b' 


where  E  is  in  volts  and  all  the  other  quantities  (including  b'  and  d') 
are  in  ohms. 

Possible  Degree  of  Accuracy  attainable. 
Percentage  of  accuracy  =  — -  I-  +  1  j  8. 

Mbasueements  by  Cabby  Foster's  Method. 

298.  This  method,  devised  by  Prof.  Carey  Foster,*  consists  in 
determining  the  value  of  the  unknown  resistance  in  terms  of  an 
equivalent  length  of  the  slide  wire ;  this  is  effected  in  the  following 
way : — 

The  resistance,  Xy  whose  value  is  to  be  determined,  is  placed  in 
the  left-hand  gap  (Fig.  l.S\4),  and  resistances  r-^^r^;,  the  ratio  of  whose 


•-{D-^ 


.. — > 


Fio.  136.  Fig.  187. 

values  does  not  differ  from  unity  more  than  does  that  of  the  resist- 
ance to  be  measured  and  the  resistance  of  the  whole  slide  wire,  are 
plaoed  in  the  two  centre  gaps ;  the  right-hand  gap  is  closed  by  a 
conductor  without  sensible  resistance. 

The  slider  is  now  adjusted  until  equilibrium  is  obtained,  and  the 
reading  b  is  noted,  x  is  then  transferred  to  the  right-hand  gap,  and 
the  left-hand  gap  is  closed  by  a  conductor  without  sensible  resist- 

♦  *  Jonrnul  of  the  Society  of  Telegraph-EDgineers,'  vol.  i,  p.  19G. 

T  2 
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ance   (Fig.  137) ;   the  slider  is  again  adjusted  and  the  reading  h^ 
noted. 

Calling  Wj  the  resistance  of  the  portion  of  the  copper  strap  between 
B  and  the  left-hand  end  of  the  slide  wire,  and  n^  the  resistance  of  the 
portion  of  the  strap  between  E  and  the  right-hand  end  of  the  slide 
wire  ;  also  calling  r^  the  total  resistance  between  the  points  B  and  0, 
and  r,2  the  total  resistance  between  the  points  C  and  E  ;  finally  calling 
b  and  b-^  the  respective  resistances  of  the  portions  of  the  slide  wire  in 
the  two  tests,  and  calling  I  the  total  resistance  of  the  slide  wire,  we 
have 

r^  ^x  +  n^  +  b 

rg       I  -  b  +  n/ 


and  also 


therefore 


therefore 


X 


ri  ^         fh  +  h         . 

a;  +  Hj  +  J  _     Hi  +  b^ 

I  -  b  +  n2      I  -  b^  +  n^  -\-  x' 


/  -  ft  +  «2  I  -  b^  +  n^  +  X 

therefore 

X  +  n^  +  b  +  I  -  b  +  n^  ^n^  +  b^  +  I  -  b^  +  n^  +  x  ^ 
I  -  if  ■¥  tK^        ~  /  -  ^1  +  ??2  +  ^ 

therefore 

/   -    ^  +  «2   =   /   -    ftj   +  Wj  +  X, 

or 

X  =  b^  -  b. 

In  order  to  make  this  formula  useful  we  must  know  the  resistance 
per  millimetre  of  the  slide  wire,  since  b^  and  b  on  the  scale  represent 
not  resistances  but  lengths.  The  simplest  method  of  doing  this  is  to 
take  a  test  in  the  foregoing  manner,  giving  the  resistance  r  a  known 
value,  •  I**  for  example  ;  in  the  latter  case,  since 

'l  =  bi-b 

tlie  difference  between  the  two  scale  readings  multiplied  by  10  gives 
the  number,  v,  of  millimetres  corresponding  to  1**  resistance,  and 
therefore  when  we  make  a  test  to  determine  an  unknown  resistance, 
X,  we  get 

X  = *. 

V 

The  iiccuracj*  of  the  test  depends  upon  the  conductor  with  which 
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the  unknown  resistance,  x,  is  intercbanged,  having  prat^ticHlly  no 
resistance  ;  it  siionld,  therefore,  be  made  of  ii»  massive  ami  short  a 


piece  of  copper  as  possible,  and  the  connections  should  be  made  hj 
means  of  mercury  cups.* 

*  Ab  a  rule  the  oapa  at  eaoh  aide  of  a  gap  are  too  amall  nnd  am  nnt  pat  olose 
Euough  together,  the  ounseqnence  being  that »  eandaotor  ugtid  for  bridgiag  over  & 
gap  ia  comparutively  loog  and  has  u  sensible  resisfsDoe.  The  onps  ought  to  be 
of  large  dimeuBir>tit<,  and  so  cluBe  logathet  iib  iilmoat  to  touch,  the  bridge  piece 
could  then  be  made  so  massive  and  short  as  to  be  pncliciilly  of  a  negligible 
lemitanoe.  The  ends  of  this  piece  should  be  quite  flat,  so  as  to  lie  olosel;  ia 
uontact  with  tlie  bottom  of  the  cups. 
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The  great  merit  of  Professor  Foster's  method  lies  in  the  fact,  that 
the  measorements  are  independent  of  the  resistances  of  the  various 
parts  of  the  copper  band. 

Fig.  188  shows  the  practical  form  in  which  the  Carey  Foster 
bridge  is  made  by  Messrs.  Gambrell  Bros. 

294.  Professor  Foster  points  out  that  inasmuch  as  by  his  method 
the  value  of  a  resistance,  x,  can  be  determined  in  terms  of  a  certain 
length  of  the  slide  wire,  therefore  if  a;  be  made  a  known  resistance 
and  the  slide  wire  itself  be  formed  of  a  portion  of  wire  whose  resist- 
ance per  unit  length  is  required,  this  latter  resistance  can  easily  be 
determined.  Such  a  method  would  give  very  accurate  results,  and 
is  afi  good  as  the  "  Kelvin  Bridge  "  method,  which  was  devised  by 
Lord  Kelvin  for  the  same  purpose,  and  is  as  follows  : — 


The  Kelvin  Bbedoe. 


295.  The  arrangement  of  this  bridge  is  shown  by  Fig.  139 ;  its 
object  is  the  accurate  measurement  of  the  resistance  of  a  portion  of  a 
conductor  of  low  resistance,  lying  between  two  points,  errors  due  to 


* tr *-.^ -* -^ 


^ — ^i'-S'- 


Fig.  139. 

imperfect  connections  being  avoided.  In  the  figure,  B  F  is  the 
conductor,  the  resistance  b  of  the  corresponding  length,  1-2,  of 
which  requii'es  to  be  determined.  F  E  is  a  standard  slide  wire  whose 
resistance  per  unit  length  is  accurately  known.  Now  when  we  have 
equilibrium  we  see  from  equation  [A]  (page  255)  that  we  have 

«  ^  ^(Pi  +  P%J:  K)  +  Kpi, 
X      £/(/>!  +^  4- K)  +  Kp./ 
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by  maltiplTing  np  and  amnging  the  quantities,  we  get 


Now  if  we  have 


ad  -  fiar  =-^i^''X-~.?ft). 
Pi  +  ft  +  K 


,    that  is,     X pi  =  a pj. 


ad  -  bx  =  ft. 


from  which  we  see  that  the  valne  of  d  is  independent  of  the  resistance 
of  any  of  the  connections,  provided  the  contecte  at  the  pointe  1,  2,  S, 
und  4  are  Bmall  compared  with  the  resistancee  a,  pj,  ft,  and  x,  which 


by  making  these  reelBtances  high  enough,  will  practically  be  the  case. 
The  pointe  1,  2,  S,  and  i  ehonld  be  knife-edges,  so  that  the  exact 
distance  between  1  and  2,  and  between  8  and  4  can  be  properly 
determined. 

F^.  140  shows  a  practical  form  of  the  apparatus,  as  made  by 
HesBTB.  Nalder  Bros. 
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Meabubement  of  Low  Rbbistakces  by  the  Potentiometkk. 

296.  One  of  the  most  satisfactory  methods  of  measuring  a  low 
resistance  is  by  means  of  a  potentiometer  (§  251,  page  228).  This  is 
effected  by  placing  the  resistance  to  be  measured  in  series  with  a 
resistance  of  standard  value,  and  then  passing  a  constant  current 
through  the  two  resistances,  wires  being  led  from  the  terminals  of  the 
latter  to  the  potentiometer.  By  measuring  accurately  the  values  of 
the  potential  differences,  that  is  the  electromotive  forces,  between  the 
ends  of  the  two  resistances,  the  relative  values  of  the  latter  are  at  once 
obtained,  since  the  resistance  values  are  exactly  proportional  to  the 
potential  differences.  To  ensure  accuracy  it  is,  of  course,  necessary 
that  the  current  be  maintained  absolutely  constant,  and  that  the 
standard  resistance  be  perfectly  correct.  A  "  direct  reading  potentio- 
meter,'' which  is  very  convenient  and  suitable  for  the  purpose,  is 
described  in  the  Appendix. 

Measurement  of  the  Conductor  Resistance 
OF  A  Telegraph  Line. 

Direct  Method, 

297.  When,  by  means  of  the  bridge  (Fig.  119,  page  23;^),  we  are 
measuring  the  conductor  resistance  of  a  wire  whose  further  end  is  not 
at  hand,  we  should  join  one  end  to  terminal  C,  put  the  further  end  to 
earth,  put  terminal  E  to  earth,  and  then  measure  in  the  usual  way. 

Loop  method. 

298.  It  is  always  as  well,  however,  when  possible,  to  measure 
without  using  an  earth,  by  looping  two  wires  together  at  their  further 
ends,  the  nearer  ends  being  joined  to  terminals  E  and  C  respectively ; 
this  gives  the  joint  conductor  resistance  of  the  two.  Errors  con- 
sequent from  earth  currents,  or  a  defective  earth,  etc.,  are  thereby 
avoided.  We  cannot,  however,  by  this  means,  obtain  Uie  conductor 
resistance  of  each  wire  separately. 

Measurement  of  the  Individual  Resistance  of  Three  Wires. 

If,  however,  we  have  three  wires  at  hand,  we  can  by  three  measure^ 
ments  obtain  the  conductor  resistance  of  each  wire,^, without  using  an 
earth.    This  is  effected  as  follows : — 
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Let  the  three  wires  be  numbered  respectively  1,  2,  and  3.  First 
loop  wires  1  and  2,  at  their  farther  ends,  and  let  their  resistance 
be  R|.  Next  loop  wires  1  and  8,  and  let  their  resistance  be  Eg. 
Lastly,  loop  2  and  8,  and  let  their  resistance  be  Rg.  Supposing  the 
respective  resistances  of  1,  2,  and  3  to  be  r^,  fg,  and  rg,  we  get 

^1  +  ''2  =  ^  1 
Ti  +  r^  =  Eg, 

fg    +    Tg    =    Eg. 

Now,  since  eaich  wire  is  looped  in  turn  with  each  of  the  other  two, 
it  is  evident  that  the  sum  of  the  three  measurements  will  be  the  sum 
of  the  individual  resistances  of  the  three  wires  taken  twice  over,  and 

consequently    -^ -^ ^  must  be  the  sum  of  the  resistances  of 

the  three  wires.  If,  then,  we  subtract  E^  from  this  result,  the 
remainder  must  be  the  resistance  of  r^.  Similarly,  if  we  subtract  Eg 
from  the  same,  the  remainder  will  give  us  fg ;  and  lastly,  by  sub- 
tracting Eg,  we  get  the  value  of  r^. 

For  example. 

The  conductor  resistance  of  each  of  three  wires,  Nos.  1,  2,  and  8, 
was  required.  Nos.  1  and  2  being  looped,  the  resistance  (Ej)  was 
found  to  be  800**.  Nos.  1  and  8  looped  gave  a  resistance  (Eg)  of 
400".  Lastly,  Nos.  2  and  8  looped  gave  a  resistance  (Eg)  of  500". 
Then  :— 

Added  resistance  of  the  three  wires  will  be 

800  +  400  +  500 


2    =  600" 


therefore. 


Eesistance  (r{)  of  No.  1  wire  =  600  -  500  =  100". 

(fg)       „      2     „     =  600  -  400  =  200". 

„        (rg)       „      3     „     =  600  -  800  =  800". 

By  this  device,  then,  we  are  enabled  to  eliminate  all  sources  of  error 
without  making  a  greater  number  of  measurements  than  would 
be  required  if  we  measured  each  wire  separately,  by  using  an  earth. 
(See  also  §  300.) 
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MeASUBEMENT   07  THE   ESSISTANCE  OF  AN   EaBTH. 

21)1).  By  means  of  a  method  very  similar  to  the  foregoing  we  can, 
if  we  have  two  wires  at  our  disposal,  measure  the  resistance  of  the 
eartlis  at  the  ends  of  the  lines.  The  following  is  the  way  in  whicli 
this  can  be  done  : — 

Let  the  two  wires  be  numbered  respectively  1  and  2.  First  loop 
the  two  wires  at  their  further  ends,  and  let  the  measured  resistanoe  of 
the  loop  be  R^.  Next  have  No.  1  wire  put  to  earth  at  its  further 
end,  and  measure  the  resistance,  which  will  be  that  of  the  wire  and 
earths  combined  ;  let  this  total  resistance  be  R4.  Lastly,  have  wire 
No.  2  put  to  earth  at  the  distant  station,  and  measure  the  total 
resistance,  which  we  will  call  R^ ;  then  by  adding  R^,  R4,  and  R5 
together,  and  dividing  the  result  by  2,  we  get  the  sum  of  the 
resistanoes  of  the  two  wires  and  the  earth  ;  by  subtracting  from  this 
result  the  resistances  of  the  two  looped  wires  the  I'emainder  will  be 
the  resistance  of  the  earths. 

800.  By  means  of  a  test  made  in  this  manner  we  can  determine 
not  only  the  resistance  of  an  earth,  but  also  the  individual  resistance 

of  two  wires ;  for  if  we  subtract  R^  from  ^       i9~~  ~>  ^^  result 

will  be  the  resistance  of  wire  No.  2,  and  if  we  subtract  R^  instead  of 
R4,  then  the  result  will  be  the  resistance  of  wire  No.  1.  Such  a  test, 
however,  although  it  eliminates  errors  due  to  defective  earths,  does 
not  eliminate  errors  due  to  earth  currents.  But  inasmuch  as  it  is  a 
test  which  is  applicable  when  only  two  wires  can  be  had,  it  is  useful, 
since  the  earth  current  errors  can  be  eUminated  by  a  method  which 
we  shall  investigate  (§  805,  page  285). 

PoYMroy*8  MethodJ* 

301.  This  method  is  shown  by  Figs.  141  and  142.  Any  line 
wire  (Line  1)  is  connected  up  with  the  Wheatstone  Bridge  and  the 
"  Earth "  (A)  which  is  to  be  tested  (Fig.  141).  Line  1  is  put  to 
earth  at  the  further  end.  Balance  is  obtained  on  the  bridge  in  the 
usual  way.     Let  the  resistance  required  to  balance  be  R,  and  let 

X  =  resistance  of  the  earth  A 

V  =         >j  »        »»     B 

Li  =         „  „     Line  1, 

then 

a  R  =  &  (Lj  +  y  +  jc)  [1] 

*  *  The  Electrical  Review/  April  20th,  1888. 
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The  connections  are  now  altered  as  shown  by  Fig.  142.  The  zinc 
pole  of  the  battery  in  this  case,  instead  of  going  direct  to  the  earth 
A,  is  connected  with  a  second  line  (Line  2)  which  runs  in  a  different 
direction  to  Line  1  (preferably  at  about  right  angles  to  it),  and  which 
is  pat  to  earth  at  the  further  end.  A  second  balance  is  then  obtained 
on  the  bndge.  Let  the  adjusted  resistance  required  to  do  this  be  r, 
then 

that  is 

ax  +  ar  =  b(Ly^  +  y)  ;  [2] 

and  subtracting  equation  [2]  from  equation  [1]  we  get 

aB,  -  ax  -  ar  =  bx, 


or 


that  is 


x{a  +  b)  =  a(R  -  r), 


or  if  a  and  b  are  equal 


x  = 


R  -r 


that  is  half  the  difference  between  the  two  resistances. 


Litte.  ± 


Line  1 


_iLf  L|LJ  i^A  ^b 


Y 


Line  2 


Fio.  141. 


Fio.  142. 


As  it  is  desirable  in  making  the  two  tests  that  the  current  passing 
at  the  earth-plate  in  both  cases  should  he  approximately  equal,  the 
battery  power  for  taking  the  second  test  should  be  rather  greater 
than  that  used  in  taking  the  first.  If  a  simple  form  of  galvanometer 
be  kept  in  circuit  with  the  battery,  and  the  battery  be  so  adjusted 
that  the  deflections  of  this  galvanometer  are  about  the  same  in  both 
tests,  then  the  current  passing  at  the  earth  A  will  be  about  the  same 
in  both  cases. 
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« 

The  object  of  joining  up  the  battery  for  the  second  test  in  the 
way  shown  by  Fig.  142  is  to  arrange  that  the  current  flowing  ont  at 
the  earth-plate  under  test  (A)  may  be  in  the  same  direction  as  it  is 
in  the  first  test. 

Mbahurement  of  the  Insulation  Rbhistance  of  a 

Teleoraph  Line. 

802.  In  measuring  the  insulation  resistance  of  a  wire,  the  con- 
nections would  be  the  same  as  for  conductivity  resistance,  except  that 
the  further  end  of  the  wire,  instead  of  being  put  to  earth,  would  be 
insulated. 

808.  It  sometimes  happens  that  we  require  to  find  the  insulation 
resistance  of  two  sections  of  one  wire,  but  we  can  only  test  from 
one  end. 

Now,  if  we  join  several  wires  together,  one  in  front  of  the  other, 
it  is  evident  that  the  total  insulation  resistance  of  the  combination  will 
diminish  according  to  the  number  of  the  wiies  and  according  to  the 
insulation  resistance  of  each  of  them.  The  law  for  the  total  resist- 
ance, in  fact,  will  be  the  same  as  that  for  the  joint  conductor  resistance 
of  a  number  of  wires  joined  up  parallel  to  one  another  (page  104). 
That  is  to  say,  the  toted  insulation  resistance  of  any  number  of  wire» 
joined  togetJier  vnll  he  equal  to  the  reciprocal  of  the  sum  ofi/ie  reciprocal 
oftfieir  respective  insulation  resistances.  It  is  immaterial  whether  the 
wires  be  joined  together  one  in  front  of  the  other  or  are  all  bunched 
together :  the  law  of  the  joint  insulation  resistance  is  the  same  in 
both  cases,* 

ABC 


Suppose,  then,  A  C  to  be  the  wire  which  is  required  to  be  tested 
for  instOatiou  resistance  from  A  in  two  sections,  A  B  and  B  C.  Let 
a  be  the  insulation  resistance  of  the  section  A  B,  and  b  the  insulation 
resistance  of  the  section  B  G ;  and  suppose  a;  to  be  the  insulation 
resistance  of  the  whole  wire  from  A  to  C,  then  we  have 


ab 

X  = 


a  +  b' 

from  which 

,         ax 
0  =      - 
a  -  X 

*  Thin  is  not  the  ca^e  if  the  insulation  resistaiices  are  very  low,  as  the  reaist- 
ance  of  the  ooaduotor  iu  snoh  a  cage  modiflett  the  result 
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All  that  is  necessary,  therefore,  supposing  we  are  testing  from  A,  is 
first  to  get  the  end  C  insulated  and  to  measure  the  insulation  resist- 
ance ;  this  gives  us  2*.  Next  get  the  wire  divided  at  6,  and  the 
end  of  the  section  A  6  insulated.  Again  measure  the  insulation 
resistance  :  this  gives  us  a.  Then  from  the  two  results  h  can  be 
calculated. 

For  fixampk. 

The  insulation  resistance  (a?)  of  the  whole  wire,  from  A  to  C,  was 
found  to  be  6000^  and  that  from  A  to  B  (a),  24,000-.  What  was 
the  insulation  resistance  {b)  of  the  section  B  C  ? 

24,000  X  6000  _ 
^  "  24,000  -  6000  ■"  ^"""  • 

304.  To  obtain  the  conductor  resistance  of  one  section  of  a  wire 
when  the  resistance  of  the  other  section,  and  also  of  the  whole  wire, 
is  known,  we  have  only  to  subtract  the  resistance  of  the  one  section 
from  the  resistance  of  the  whole  section.  The  truth  of  tliis  is 
obvious. 


Meahurement  of  the  Conductor  Resistance  of  Wires 

TRAVERSED  BY   EaRTH  CURRENTS. 

805.  When  the  conductor  resistance  of  a  line  of  telegraph  is 
measured  by  having  the  further  end  of  the  line  put  to  earth,  the 
presence  of  earth  currents,  that  is  to  say,  the  currents  set  up  by 
electrical  disturbances  over  the  surface  of  the  earth,  and  also  cur- 
rents due  to  the  polarisation  of  the  earth  plates,  renders  the  formula 

x=  d  -y  when  equilibrium  is  produced,  incorrect.    To  obtain  the  true 

0 

value  of  the  resistance  of  the  wire,  therefore,  a  different  formula  is 
necessary. 

Equilibrium  Method, 

306.  In  Fig.  143  let  E  be  the  electromotive  force  of  the  testing 
battery,  E^  the  electromotive  force  of  the  earth  current,  whose  value 
will  be  +  or  -  according  to  its  direction,  and  let  a,  ^,  d^  ar,  and  r,  be 
the  resistances  of  the  various  parts  of  the  bridge  ;  then  c\  c",  c''\  Cj, 
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and  Cg  being  the  current  strengths  in  the  different  branches,  we  have 
by  KirchoflTs  laws  (page  200),  when  equihbrinm  is  produced,  the 


^f^|^l^| — ^^- 


Fig  143. 

following  equations  connecting  the  resistances,  current  strengths,  and 
electromotive  forces : — 

c'  -  Ci  =  0 
d'  -  d"  =  0 
c^-  c.    -  r^i  =  0 
da  -  c"d  =  0 
c^x  -  d"d=  ±  El 
c^r  +  d"d  +  d'b  =  E. 

By  elimination  we  obtain  two  values  of  c^,  one  in  terms  of  the 
battery  E^,  and  the  other  in  terms  of  E,  thus 


=  +       E, 


ad' 


X  - 


[A] 


and  also 


c  E 

^      a{d  +  r)  +  b{a  +  r) 


Equating  the  two  values  of  c^,  we  get 

±Ei^  bx  -  ad  , 

E         a{d  +  r)  +  b{a  +  r)' 

*  This  equation  gives  the  relation  between  the  two  electromotive  forces  E  and 
E„  and  thus  gives  a  method  of  determining  the  relative  electromotive  foroes  of 
the  batteries. 
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307.  From  the  latter  equation,  we  find 

b   -  E  L  *  J' 

To  make  this  equation  useful  it  is  necessary  that  E^  and  E  be 
known.  If,  however,  we  reverse  the  testing  battery  and  again  obtain 
equilibrium  by  readjusting  dto  d^^we  get  a  second  equation,  viz. 

±  El  ^  bx  -  ad^ 

-  E      a  (d^  +  r)  +  b  (a~+  r)  ' 

we  therefore  have 

bx  -  ad  bx  -  adi  =o- 

a  (d~+r)+'b(a  +  r)      a(d^  +  r)  +~b(a  +  r) 

by  multiplying  up  we  get 

bxla(d^  +  r)  +  b{a  +  r)'\  -ad [a (d^  +  r)  +  b(a  +  r)] 


-\'  bxla{d  +  r)  +  b{a  '+  r)' 
=  0: 


-  a^i  [fl  (d  +  r)  +  b(a  +  r)] 


that  is 

a    d[a{d^  +  r)  +  b(a  +  r)]  +  d^la{d  -^  r)  +  b(a  +  r)] 


X  = 


b  a(d^  +  r)  +  b(a  +  r)  -{-  a{d  +  r)  +  b(a  +  r) 

^  a  ["2  (d  +  k)  {d^  +  k)  _  ,  "I  pgn 

b  [_{d  -^k)+{d^  +  k)        J  ■■   -^ 

where 

Far  example. 

In  making  a  conductor  resistance  test  of  a  wire,  in  which  an  earth 
current  existed,  with  the  zinc  pole  of  the  battery  to  Une,  equilibrium 
was  obtained  when  d^  was  8000**.  On  reversing  the  testing  current, 
equilibrium  was  obtained  when  d  was  6000^.  The  resistances  a  and  b 
were  100**  and  lOOO*  respectively,  and  the  resistance,  r,  of  the  battery 
200**.     What  was  the  resistance,  x^  of  the  line  ? 


therefore 


=  ["200(1  +  ^—\  +  1000  "I  =  3200, 


X  = 


100  r  2  (6000  +  8200)  (8000  +  3200)   _  "I  _  ^^^ 

1000  L(6000  +  8200)  +  (8000  +  8200)       ^^""  J  -  ^^"  -  • 

It  may  be  pointed  out  that  the  quantity  ^^  ts^- %  "*'-*A 
•^  ^  ^  ^  (d  +  k)  +  {d^  +  k) 

in  equation  (B)  is  the  harmonic  mean  of  the  quantities  {d  +  k)  and 
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Various  abbreviations  of  formula  [6]  have  been  suggested,  bat 
none  of  them  are  satisfactory  except  under  certain  conditions,  and 
inasmuch  as  the  formula  is  only  required  occasionally,  the  advantage 
of  a  simplification  which  at  the  best  is  only  an  approximation  is  a 
doubtful  one. 

MainMfs  Methods* 

308.  This  method,  devised  by  Sir  Henry  Mance,  consists  in  making 
the  observations  as  in  the  last  test,  but  without  reversing  the  current, 
the  first  observation  being  made  with  resistances  a  and  b  in  the  arms 
B  C  and  B  A  of  the  bridge,  and  the  second  with  these  resistances 
changed  to  a^  and  \.    In  the  first  case,  then,  we  have 

±  E,  __  hx  -  ad 


E         a(rf  + r)  +  J(fl  +  r)' 
in  the  second  case 

±  Bj  _  b-^x  —  d^di 

~E         a^  (rfi "+  r)  +  b^  {a^-^r)' 

therefore 

bx  -  ad  _  b^x  —  a^dr^ 


a{d  +  r)  +  b{a  +  r)      a^  (d^  +>)  +  *i  (^i  +  r)  ' 

by  multiplying  up  and  extracting  x,  we  get 

^  «rf [flj  (rfi  +  r)  +  bj(ay+  r)]  -  a^ d^  [a {d  +  r)  +  i> («  +  f)] 
b  [«!  (d^  +  r)  +  b^  (fl|  +  r)]  -  b^  \_a  {d  +  r)  +  b  {a  +  r )] 

^  ad\_(a^  +  &i)r  +  ^  b{]  -  ad^l(a  -{■  b)r  +  a  b^ 
~  rt'i  b  (Aj  +  d^  +  r)  -  a  />!  (^  +  rf  +  r) 

In  practice  Sir  Henry  Mance  prefers  to  make  b  =  a  and  b^  =  ff^, 
in  which  aise  the  fonnula  becomes 

^  d(2r  +  a,)  -  d^{'2r  +  a) 

^(W  example. 

In  making  a  conductor  test  of  a  wire  in  which  an  earth 
current  existed,  the  arms  a  and  b  of  the  bridge  were  each  made 
equal  to  100" ;  equilibrium  was  then  obtained  when  d  was  adjusted 
to  750*'.  On  altering  a  and  b  to  1000  each,  balance  was  again 
obtained  by  making  d^  equal  to  840*.  The  resistance,  r,  of  the 
battery  was  200**.     A\Tiat  was  the  resistance  of  the  line  ? 

*  '  Journal  of  the  Society  of  Telegraph-Engineers,"  Mfty  8th,  1886. 
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^  _  750  (2  X  200  +  1000)  -  840(2  x^OO  + 100)  _ 

(840  +  1000)  -  (750  +  100)       "        -  f>36-4  . 

Bee  alflo  page  808. 

809.  Mance's  test  could  with  advantage  l)e  made  in  the  following 
manner : — 

Referring  to  Fig.  148,  if  we  have  a  "  milliamperemeter,"  or 
"  current-measurer  "  in  the  branch  C  D,  so  that  the  strength  of  the 
current  flowing  can  be  measured,  then,  referring  to  equation  [A], 
])age  286,  we  have 

c    =  +        -i-    ; 

*  ad 

X  —  — 

if  now  we  change  a  and  bi/o  o^  and  d^,  and  we  again  get  balance  bj 
changing  dto  d^y  then  we  get  a  second  equation 

Co  =    ±  ^ 


'2 


therefore 


*1 


or 


that  is 


^  ad     ^  a.d.      ado.      a^d. 
0  Oi         0    gg        bi 


X  = 

^-1 


Cj    —    ^2  C^ 


H 


_  b\c^        /        b^         b    ^^jd      /a^d^  _  ad\     1 


or  if?J  =  n,  then 

*       \  *i         J  /«  -  1 


^2 


If  we  make  a  =  b,  and  a^  =  6^,  then 

X  =  rf  -  (rf,  -  rf) -J-.« 

n  —  1 

*  Values  of       -—  ooirfsponding  to  various  values  of  n  are  ^ven  in  Table  X. 

U 
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It  may  be  pointed  out  that  the  only  object  of  changing  the  ratio 
arms  a  and  b  to  a^  and  5^  is  to  alter  the  current  strength,  and  as  this 
change  results  in  one  of  the  readings  being  taken  with  a  reduced 
sensibility  of  the  galvanometer,  it  would  be  preferable  to  alter  the 
current  strength  by  altering  the  battery  power,  or  by  adding  a  resist- 
ance in  the  circuit  of  the  latter. 

Equal  Deflection  or  "  False  Zero  *'  Method. 

310.  This  method  is  actually  that  described  in  the  Note  on 
page  164  and  in  §  172  of  the  same  page.  It  is  in  fact  Manoe*s  test 
with  a  battery  included  in  circuit  with  the  key  ;*  r,  which  in  Mance's 
test  is  the  resistance  of  the  battery  being  measured,  is  of  course  in  the 
present  test  the  resistance  of  the  line  or  cable. 

In  the  practical  execution  of  the  test  it  would  be  necessary  to 
short-circuit  the  galvanometer  at  the  moment  when  the  battery  key  is 
depressed  or  raised,  otherwise  a  violent  movement  of  the  needle  would 
be  produced  by  the  static  discharge  from  the  cable. 

311.  When  the  battery  connections  for  measuring  conductor  re- 
sistance are  made,  as  shown  by  Fig.  119  (page  233),  then  in  order  to 
put  the  Einc  current  to  line,  we  should  put  the  cable  or  line  to  C  and 
the  earth  to  E.  To  put  the  copper  to  line  we  can  either  reverse  the 
battery  or  put  the  cable  to  E  and  the  earth  to  G,  whichever  is  more 
convenient  to  the  experimenter. 

Mearurement  of  the  Conductor  Resistance  of  a 

Submarine  Cable. 

312.  When  we  are  measuring  the  conductor  resistance  of  a  sub- 
marine cable,  which  requires  to  be  carefully  done,  the  following 
method  may  be  adopted  : — 

Put  on  the  battery  current  for  half  a  minute  by  pressing  down 
the  right-hand  key  (Fig.  119,  page  233) ;  at  the  expiration  of  that 
time,  proceed  to  adjust  the  plugs,  pressing  down  the  left-hand  key  as 
required  until  equilibrium  is  produced ;  continue  to  adjust,  if  the 
needle  does  not  remain  at  zero,  and  at  the  expiration  of  half  a  minute 
note  the  resistance.  Now  reverse  the  battery  connections,  put  on  the 
current  for  half  a  minute  ;  again  measure,  again  reverse  and  measure, 
and  so  on  until  about  a  dozen  measurements  with  either  current  have 

*  It  has  been  stated  that  it  is  ueoeasary  in  makibg  thid  test  to  arrange  the 
key  so  that  when  it  is  raised  it  puts  in  oircmt  a  resistance  equal  to  that  of  the 
battery ;  but  it  must  be  evident  ftom  the  reasoning  giren  in  the  note  refenetl  to 
that  this  is  altogether  unnecessary.  M.  Smile  Laooine  drew  attention  to  this 
fact  in  the  No.  of  the '  Journal  T^dgraphique '  for  Jan.  25th,  1888. 
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been  taken.  It  will  nsnallj  be  found  that  about  half  the  measure- 
ments made  with  the  negative  corrent  are  the  same,  and  also  half  the 
measurements  made  with  the  positive  current ;  these  results  may  be 
taken  as  the  correct  measurements  for  d  and  d^. 

Winkfield's  Method* 

813.  The  earth  current  on  a  laid  cable  often  varies  incessantly 
in  an  extremely  irregular  manner,  and  when  a  battery  is  applied  to 
a  long  cable  with  its  distant  end  earthed,  a  considerable  time  may 
elapse  before  the  resulting  current  becomes  steady ;  for  instance,  it 
has  been  found  that  30  seconds  may  elapse  before  the  testing  current 
reaches  a  moderately  steady  value ;  in  the  meantime,  the  earth 
current  is  varying  irregularly.  The  most  that  can  be  done  under 
these  circumstances  is  to  observe  the  cable  zero,  apply  the  battery  for 
the  minimum  time  admissible,  observe  the  balance  deflection,  earth 
the  cable  for  the  same  minimum  time,  and  observe  the  cable  zero 
again.  The  mean  between  the  two  cable  zeros  may  be  assumed  to 
equal  the  cable  zero  at  the  moment  of  balance. 

If  the  full  sensibility  of  the  galvanometer  is  preserved  during 
these  readings,  everything  possible  has  been  done,  that  can  be  done, 
to  eliminate  the  earth  current  effect  from  the  conductor  resistance 
readings. 

The  following  is  the  actual  routine  suggested  for  testing  a  laid 
section  of  cable  for  conductor  resistance : — 


Cab/e 


Sfmtth/y 


Fig.  144. 


Fig.  144  shows  the  connections  as  usually  arranged,  but  with 
the  addition  of  a  circuit  across  the  short-circuiting  key,  consisting 
of  a  battery  A  and  a  resistance  B ;  the  value  of  this  resistance 
should  never  be  less  than  five  times  that-  of  the  galvanometer.  The 
number  'of  cells  and  direction  must  be  adjusted  to  suit  the  earth 
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current ;  three  cells  is  usually  the  maximum  required.  For  B  use 
a  resistance  of  about  200,000**  adjustable  to  lOOO*.  Place  in  the 
variable  arm  of  the  bridge  a  resistance  equal,  as  nearly  as  can  l)e  t«ti- 
mated,  to  the  cable  under  test ;  open  the  short-circuiting  key,  and, 
with  the  galvanometer  at  its  greatest  sensibility,  adjust  the  battery  A 
and  resistance  B,  until  the  earth  current  is  compensated  and  the  spot 
returns  approximately  to  zero. 

Take  a  series  of  readings  with  batterv  "  off "  and  batterv  '*  on '' 
alternately,  allowing  the  proper  charging  intervals  between  each  two 
readings. 

Call  the  deflections  to  the  left  of  zero  -,  and  to  the  right  of 
zero  + .  Start  and  finish  with  an  "  off "  reading.  Halve  the  first 
and  last  *'off"  readings,  then  add  these  to  the  remaining  "off*" 
readings,  and  obtain  the  sum  total.  Obtain  the  algebraic  difference 
between  this  diminished  sum  total  and  the  sum  total  of  "  on ""  readings. 
To  do  this,  always  subtract "  off  "  from  "  on,"  never  vice  versa.  Divide 
this  difference  by  the  number  of  "  on  "  readings. 

This  gives  the  true  mean  difference  between  "off"  and  "on." 
Find  out  how  many  ohms  +  or  -  this  represents,  by  observing  (while 
battery  is  on)  how  many  divisions  +  or  -  an  alteration  of  10**  in  the 
variable  arm  makes. 

If  the  earth  current  is  too  variable  to  do  this  with  accuracy,  dis- 
connect the  cable  and  substitute  in  its  place  a  resistance  equal  to  that 
of  the  cable  ;  remove  the  battery  A,  leaving  the  resistance  B  joined 
up  across  the  short-circuit  key;  then  with  battery  "on"  see  how 
many  divisions  an  alteration  of  10**  in  the  variable  arm  makes. 


EXAMPLB  TbBT. 


ur 
2t)d 

r>ni 

4th 
5th 
6th 
7th 
8th 
9tli 
l()th 

11th 


B»ittery  *•  off." 
+  10 

+  10 
+  20 

+  50 
+  70 
+  40 
+  20 
-  10 
-20 
-30 


Battery ''on." 
+  32 

+  37 
+  55 
+  82 
+  70 
+  40 
+  20 
+  5 
+  0 
-  20 


— 

50 

+  155 

•^)- 

40 

-    20| 

20 

+  135 

half  first 


+  321  bum  total. 
+  135 


and  last     10)+  18»)  differeooe. 

+    18*6  mean  diflTerenoe. 


Beaistanoe  in  bridge  V  R.  7,020*- 
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On  increasing  the  V  R  by  10**,  the  spot  moved  50  divisions  to 
the  left,  so  + 10"  =  -  50  divisions,  therefore  + 1**  =  -  5  divisions. 

The  difference  of  +  18*6  divisions  between  the  battery  "off" 

and  the  battery  "  on  "  readings,  observed  during  the  test,  would  be 

18*  6 
reduced  to  0,  if   -^  =  ^ '  72"  were  added  to  the  V  R  of  the  bridge  ; 

because  these  3  •  72"  would,  by  calculation,  make  the  spot  move  -18*6 
divisions,  and  thus  exactly  neutralise  the  existing  movement  of  +  18  *  6 
divisions. 

The  resistance  of  the  cable,  therefore,  is  equal  to  7020"  (the 
resistance  in  the  bridge  VR)  +  3-72"  =  7023*72". 

It  will  be  noticed  that  the  method  adopted  for  finding  the  mean 
is  equivalent  to  taking  each  set  of  three  readings  (two  "off"  readings, 
and  the  "  on  "  reading  in  between  them)  separately,  then  taking  the 
mean  of  the  two  "off"  readings,  subtracting  this  mean  from  the  "on" 
reading,  and,  finally,  taking  tiie  mean  of  all  these  differences. 

In  the  example  test  quoted,  examining  the  differences  in  each  set 
of  three  readings,  it  will  be  seen  that  the  maximum  difference  is  +25 
divisions,  or  5",  and  the  minimum  difference  + 10  divisions,  or  2".  The 
difference  between  these  maximum  and  minimum  differences  is  a 
measure  of  the  reliability  of  the  test.  The  less  the  difference  the 
greater  the  reliability. 

It  is  stated  that  this  test  has  been  in  weekly  use  for  two  years  on 
all  the  Pacific  Gable  Board's  cables,  and  has  given  more  satisfaction 
than  any  test  hitherto  published,  giving  constant  results  under  all 
conditions,  even  in  the  hands  of  untrained  observers. 

314.  In  order  to  reverse  the  current  through  the  cable,  we  can 
either  reverse  the  battery,  or  the  line  and  earth,  connections  (§  311). 
There  is  an  advantage  in  doing  the  latter,  as  by  this  means  the  gal- 
vanometer deflection  due  to,  say,  too  much  resistance  being  inserted 
between  D  and  E  (Fig.  119,  page  233),  is  always  on  the  same  side  of 
zero,  although  the  direction  of  the  current  through  the  cable  is 
reversed.  Thus  it  is  easy  to  see  at  a  glance  in  every  case,  and  with- 
out chance  of  a  mistake,  whether  balance  is  out  in  consequence  of 
too  much  or  too  little  resistance  being  inserted. 

315.  The  presence  of  earth  currents  can  be  detected  when  the 
line,  galvanometer,  and  earth  are  joined  to  the  resistance  box,  by 
pressing  down  the  left-hand  key  alone.  This  will  cause  the  galvano- 
meter needle  to  be  deflected  if  there  are  any  currents  present.  A  line 
is  seldom,  if  ever,  quite  neutral  in  this  respect. 

316.  It  is  almost  immaterial  what  battery  power  is  itsed  in 
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measuring  conductor  resistance ;  sufficient,  however,  should  be  used 
to  obtain  a  good  deflection  on  the  galvanometer  needle  when  equi- 
librium is  not  exactly  produced.  About  10  or  20  cells  is  a  convenient 
number  to  employ.  There  is  no  danger  of  heating  the  resistance 
coils  with  such  a  power  if  the  battery  be  a  Daniell  charged  with  plain 
water,  or  even  a  Leclanche,  as  their  internal  resistances  are  consider- 
able. It  would  not  be  advisable,  however,  to  use  a  Grove  or  a  Bunsen 
batteiy,  or  a  Daniell  charged  with  acidulated  water,  as  their  heating 
power  is  great  in  consequence  of  their  small  internal  resistance. 

Elimination  of  thb  Rssistanoe  of  Leadino  Wires. 

317.  In  order  to  determine  the  exact  resistance  of  the  conductor 
of  a  cable,  or  coil  of  cable  core,  for  example,  it  is  of  course  necessary 
that  the  resistance  of  the  wires  leading  from  the  testing-room  to  the 
tank  in  which  the  cable  or  core  is  placed,  should  be  deducted  from 
total  measured  resistance.  This  involves  a  calculation  which,  although 
slight,  still  might  be  avoided  with  advantage,  especially  if  a  large 
number  of  measurements  have  to  be  made.  At  Messi-s.  Siemens' 
Works,  at  Charlton,  a  very  simple  device  is  adopted  which  enables 
the  resistance  of  the  leading  wire  to  be  eliminated,  thus  rendering 
any  deduction  unnecessary.  For  this  purpose  a  small  supplementary 
slide  wire  resistance  (§  27,  page  19)  is  connected  in  the  arm  A  £  of 
the  bridge  (Fig.  119,  page  283)  ;  the  leading  wires  (when  connected 
to  the  bridge)  being  looped  together  at  their  further  ends,  and  all 
the  plugs  being  inserted  in  A  E,  the  slide  resistance  is  adjusted  till 
balance  is  obtained  on  the  galvanometer.  The  leads  are  now  con- 
nected to  the  cable  or  core  to  be  tested,  and  then  balance  is  again 
obtained  on  the  galvanometer  by  removing  phigs  from  A  E  in  the 
usual  manner.  This  being  done,  the  resistance  unplugged  in  AE 
(allowing  for  the  ratio  of  the  arms  A  B,  B  G,  of  the  bridge,  if  the  two 
are  unequal)  obviously  gives  the  exact  value  of  the  resistance  required, 
since  the  resistance  of  the  leads  is  balanced  by  the  slide  resistance. 

Measubement  of  Battery  RESisTACfOE. 

318.  The  resistance  of  a  battery  which  consists  of  a  large  number 
of  cells  may  in  many  cases  be  measured  with  a  considerable  degree 
of  accuracy  by  means  of  the  Wheatstone  Bridge,  in  the  following 
manner: — 

Divide  the  battery  into  two  equal  parts,  and  connect  the  two 
halves  together  so  that  their  electromotive  forces  oppose  one  another ; 
under  these  conditions  the  battery  may  be  treated  as  an  ordinary 
resistance,  and  measured  as  such. 
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CHAPTER  IX. 
LOCALISATION  OF  FAULTS, 

319.  The  theoretical  methods  of  testing  for  the  localities  of  faults 
are  comparatively  simple,  but  their  practical  application  presents  some 
difiicalties. 

Localisation  of  a  full  Eabth  Fault. 

320.  The  simplest  kind  of  fault  to  localise  is  a  complete  fracture 
where  the  fault  offers  no  resistance,  and  the  conductor  resistance 
at  once  gives  its  position.  Thus,  a  line  which  was  100  miles  long, 
and  in  its  normal  condition  had  a  resistance  of  1350"^,  that  is  to  say, 
a  resistance  of  V^^®  =  13  •  5**  per  mile,  gave  a  resistance  of  270**  when 
broken.     Then  distance  of  fault  from  testing  station  was 

Jl^  =  20  miles. 

Localisation  of  a  partial  Eabth  Fault. 

321.  When  the  fault  has  a  resistance,  the  localisation  becomes 
somewhat  difficult.  The  following  are  the  theoretical  methods 
generally  adopted  (Pig.  145). 


A 


Fio.  145. 

Blavieb's  Method. 

822.  Let  A  B  be  the  line  which  has  a  fault /at  C,  A  being  the 
testing  station,  A  first  gets  B  to  insulate  his  end  of  the  line.  He 
then  measures  the  resistance,  which  we  will  call  l^ 
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then 
therefore 

/=/-«.  [1] 

Next,  B  puts  his  end  to  eai*th,  and  A  again  measures.  Let  the  new 
resistance  be  l^  then 

Galling  L  the  resistance  of  the  line,  we  have  also 

fl  +  5  =  L; 
therefore 

*  =  L  -  a.  [3] 

From  these  three  equations  we  have  to  determine  a.  Substituting 
in  [2]  the  values  of /and  b  obtained  from  [1]  and  [d]  we  get 

""^     LTT-~2a     ~^^' 
therefore 

a^  -  2al^  =  Li  -  L^i  -  H^; 

from  which,  since  a  must  be  less  than  l^  and  the  root  consequently 
negative,  

«  =  /,- va-g(L-i,). 

For  example. 

A  faulty  cable,  whose  normal  total  conductor  resistance  wa^ 
450*'  (L),  gave  a  resistance  of  850**  (/)  when  the  further  end  was  in- 
sulated, and  270**  {l-^  when  the  end  was  put  to  earth.  What  Wiu^ 
the  resistance  of  the  conductor  up  to  the  fault  ? 

Resistance  =  270  -  V  (850" - 270)(450 ~270)  -  150-. 

If  the  length  of  the  cable  were  50  miles,  then  conductor  resistance 
per  mile  equals  Yo'  ^  ^^»  ^^<^  distance  of  fault  from  testing  station 
consequently  equals  ^-|^  =  16}  miles. 

Overlap  Method. 

828.  Two  measurements  are  made,  one  by  station  A,  and  tbe 
other  by  station  B,  A  and  B  insulating  their  end  in  turn.  Thus 
resistance  measured  from  A  when  B  insulates,  is,  as  before. 
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ResifitHnce  measured  from  6  when  A  insulates, 

h^f^l^,  [2] 

also 

a  +  h  =  li.  [8] 

iSubtracting  [2]  from  [1] 

a  -  b  =  I  -  l^^ 
and  adding  [8] 

therefore 


2  a  =  L  +  /  -  L ; 


Far  example. 

A  faulty  cable,  whose  normal  total  conductor  resistance  was 
-IroO**  (L),  when  measured  from  A  with  the  end  at  B  insulated, 
gave  a  resistance  of  :>50"  (/)  ;  and  when  measured  from  B  with  the 
end  A  insulated,  a  resistance  of  500**  (/g).  What  was  the  resistance 
of  the  conductor  from  A  to  the  fault  ? 


Resistance  =  *^''  +  ^^9  "  »00  ^  ^^^ 


*> 


Andebson  and  Kennelly's  Method. 

;^24.  In  making  the  foregoing  test  it  is  often  found  advantageous 
to  introduce  a  set  of  resistance  coils  at  the  end  of  the  cable  nearest 
to  the  fault,  and  to  vary  this  until  it  is  found  that  the  measurements 
made  at  the  two  ends  give  the  same  results,  that  is  to  say,  bring 
the  fault  to  a  centre.  The  advantage  of  this  arrangement  is,  that  if 
the  same  amount  of  battery  power  be  used  at  the  two  stations,  the 
test  current  flowing  out  at  the  fault  will  be  the  same  in  both  cases, 
consequently  the  fault  is  likely  to  remain  constant,  and  more  uniform 
results  will  be  obtained.  It  is  obvious  that  if  r  be  the  added  resist- 
ance, then  the  resistance  from  either  end  (the  resistance  r  being 

T        ,      _ 

taken  as  forming  part  of  the  cable)  will  be  — ^  '  L  being,  as  in 

previous  cases,  the  total  conductor  resistance  of  the  perfect  cable. 

The  late  Mr.  Dresing  suggested  that  the  most  satisfactory  results 
would  be  obtained  if  a  Muirhead's  artificial  cable  were  used  to  intro- 
duce the  resistance  r,  so  that  the  testing  current  would  (owing  to  the 
capacity)  flow  under  practically  similar  conditions  in  the  measure- 
ments made  from  both  ends. 
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Peactical  Execution  of  Tests. 

8:25.  So  far  the  testing  is  simple ;  the  practical  application,  how- 
ever, presents  some  difficulty.  This  is  owing  to  the  variation  of  the 
resistance  of  the  fault  when  the  testing  current  is  put  to  the  cable,  in 
consequence  of  this  current  acting  on  the  copper  conductor,  and, 
through  the  agency  of  the  sea  water,  covering  it  with  a  salt,  which 
besides  increasing  the  resistance  of  the  fault  also  sets  up  a  current 
opposing  the  testing  current.  To  make  a  proper  test,  then,  it  is 
necessary  so  to  manipulate  the  testing  apparatus  and  battery  as  to  get 
rid  of  the  polarisation  and  resistance  set  up  by  the  salt  formed  on  the 
fault,  and  to  measure  the  resistance  at  the  moment  this  is  done.  The 
following  is  known  as  : — 


Lumsden's  Method. 

826.  The  further  end  of  the  cable  being  insulated,  the  conductor 
is  cleaned  at  the  fault  by  applying  a  zinc  current  from  100  cells  for 
ten  or  twelve  hours,  the  current  being  occasionally  reversed  for  a  few 
minutes.    A  rough  resistance  test  is  then  made  with  a  copper  current. 

A  positive  current  is  now  applied  to  the  cable  for  about  one 
minute,  using  two  or  three  cells  for  every  100  units  of  resistanoe 
which  have  to  be  measured.  This  coate  the  conductor  with  chloride 
of  copper. 

The  cable  is  now  again  connected  to  the  resistance  coils,  and  the 
battery  and  galvanometer  connections  made  as  shown  by  Fig.  119 
(page  238),  the  zinc  pole  being  to  terminal  B'  and  the  copper  to 
terminal  E.    The  cable  must  be  joined  to  G,  and  earth  to  E. 

Both  keys  being  depressed,  the  galvanometer  needle  is  carefully 
watched  and  plugs  inserted  and  shifted  unit  by  unit,  so  as  to  keep  the 
needle  at  zero  ;  f  jr  the  action  of  the  negative  current  is  to  clean  off 
the  chloride  of  copper,  and  thereby  to  reduce  the  resistance  of  the 
fault.  At  a  certain  point  this  decomposition  becomes  complete,  and 
the  needle  of  the  galvanometer  flies  over  with  a  jerk,  showing  that 
the  disengagement  of  hydrogen  has  taken  place  at  the  fault,  which 
enormously  increases  its  resistanoe  ;  when  this  occurs,  the  resistance 
required  lb  that  in  the  resistance  coils  at  that  moment. 

The  fault  being  once  cleaned  by  the  application  of  the  100  cells 
for  ten  or  twelve  hours,  it  is  unnecessary  on  repeating  the  measure- 
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ment  (which  shoold  always  be  done)  to  apply  the  battery  for  so  long 
a  time :  10  or  20  minutes,  or  even  less,  will  generally  soffice. 

When  the  measurement  is  made  with  the  farther  end  of  the  cable 
to  earth,  the  same  process  of  preparation  can  be  employed. 

The  rate  at  which  the  decomposition  of  the  salts  at  the  fault  takes 
place,  depends  to  a  very  great  extent  upon  the  strength  of  the 
current  flowing  out  at  the  fault ;  now,  if  the  latter  be  very  near  the 
end  at  which  the  test  is.  being  made,  the  resistance  between  the 
testing  battery  and  the  fault  will  be  so  small  that  the  changes  at  the 
latter  will  take  place  with  great  rapidity,  and  it  would  be  a  matter  of 
great  difficulty  to  adjust  the  resistance  in  the  bridge  quickly  enough 
to  follow  up  the  change  of  resistance  at  the  fault  as  it  takes  place. 
To  avoid  this  difficulty  the  best  plan  is  to  insert  a  resistance  between 
the  bridge  and  the  end  of  the  cable  ;  this  will  retard  the  changes  by 
reducing  the  strength  of  the  current  flowing  in  the  circuit.  The 
value  of  this  resistance  will  depend  entirely  upon  circumstances,  and 
will  be  a  matter  of  judgment  with  the  person  making  the  test,  but  in 
any  case  it  should  not  be  out  of  proportion  to  the  actual  conductor 
resistance  of  the  cable. 

The  amount  of  battery  power  used  is  also  a  matter  dependent 
upon  circumstances,  but  the  higher  the  power  it  is  found  possible  to 
use,  the  less  will  the  effect  of  earth  currents  influence  the  accuracy  of 
the  test. 

The  resistances  employed  in  the  arms  AB,  BG  of  the  bhdgc 
(Fig.  119,  page  233),  will,  to  some  extent,  modify  the  rate  at  which 
the  changes  at  the  fault  take  place,  and  here  again  discretion  must 
be  used,  as  no  definite  rule  can  well  be  laid  down. 

It  might  be  imagined  that  a  ''slide  resistance"  (page  19),  would 
be  very  advantageous  for  making  a  test  of  this  kind,  but  practical 
experience  shows  that  the  plug  resistances  are  preferable  in  many 


The  galvanometer  with  which  this  and  the  following  tests  must  be 
made,  must  be  an  ordinary  astatic  one  (page  24)  with  fibre  suspended, 
or  pivoted,  needles.  A  Kelvin  reflecting  gEdvanometer  is  quite 
useless  for  the  purpose. 

Before  making  the  test,  A  must  of  course  arrange  with  B,  or 
vice  vers&y  at  what  time  and  for  how  long  he  is  to  insulate,  put  to 
earth,  etc.,  his  end  of  the  cable. 
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Fahie's  Method. 

827.  Mr.  J.  J.  Fahie,  in  a  paper  read  before  the  Society  of 
Telegraph-Engineers,*  has  given  the  results  of  some  very  carefiil 
experiments  and  tests  which  he  has  made,  bearing  upon  the  subject 
of  testing  for  faults.  His  method  contains  many  valuable  points 
and  is,  in  the  author's  words  as  nearly  as  possible,  as  follows  : — 

The  cable-current  is  eliminated  by  sending  into  the  line  the 
current  of  the  opposite  sign  to  that  coming  from  it,  and  arranging 
the  strength  and  duration  of  this  current  to  suit  the  strength  of  the 
one  from  the  cable.  Thus,  if  the  latter  be  strong  and  n^ative,  put 
(say)  sixty  cells  positive  to  line  for  a  couple  of  minutes,  and  then 
note  the  condition  of  the  cable  current ;  if  it  be  still  n^ative,  but 
weaker,  put  the  battery  on  again  for  a  short  time,  and  continue  to  do 
so  until  the  galvanometer  needle  indicates  a  weak  positive  current 
from  the  fault.  If  the  latter  be  now  left  to  itself  and  the  cable  put 
to  earth  through  a  galvanometer  the  needle  will  steadily,  and  as  a 
rule  leisurely,  fall  to  zero  and  pass  over  to  the  other  side,  indicating 
a  n^ative  current  again  from  the  fault.  While  the  needle  is  on 
zero  the  line  is  free  and  in  a  fit  state  for  the  subsequent  test. 

If  the  cable-current  be  positive,  put  sixty  cells  negative  on  untU 
the  fault  is  depolansed  :  the  effect  in  this  case  is  more  brief  than  in 
the  other,  the  needle  falling  quickly  to  zero  and  crossing  to  its 
original  position. 

Having  once  eliminated  the  current  from  the  fault  (and  the 
operation  very  rarely  exceeds  ten  minutes  in  the  most  obstinate  cases) 
the  cable  cm  always  be  kept  free  by  momentary  applications  of  the 
necessary  battery  pole.  Thus,  if  the  needle  begin  to  move  off  zero 
in  the  direction  indicating  a  negative  current  from  the  fault,  a 
positive  current  applied  for  a  moment  will  bring  it  back,  and  vies 
versd.  In  practice  it  is  best  to  repolarise  the  fault  slightly  in  the 
opposite  dilution,  as  a  little  time  is  thereby  gained  to  arrange  the 
bridge  for  a  test. 

Having  shown  how  to  prepare  the  cable,  the  test  will  now  be 
described.    The  bridge  is  arranged  as  shown  by  Fig.  146  (page  801). 

P  is  the  infinity  plug  ;  when  this  plug  is  removed  the  connection 
between  the  branch  coils  b  and  the  resistance  d  is  severed  ;  Kg  is  an 
ordinary  key  for  putting  the  line  to  earth  through  the  galvanometer 
Gg  or  to  the  bridge  as  may  1)e  required.  The  rest  needs  no  explana- 
tion. 

*  -Journal  of  the  PiooeedingB  of  the    Society    of   Telegnph -Engineers,' 
vol.  ill.  page  3i2. 
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First  ascertain  by  an  ordinary  test  the  approximate  resistance  of 
the  faulty  cable  and  leave  it  unplugged  in  d.  Next  allow  the  line  to 
rest  for  a  few  minutes  in  order  that  it  may  recover  itself  from  the 
effects  of  the  current  employed  in  this  preliminary  test,  and  then 
depress  K^,  and  observe  the  cable-current  on  the  galvanometer  Gg ; 
let  it  be  positive,  open  the  key  K^  remove  the  plug  P,  and  send  a 
negative  current  from  the  testing  battery  of  (say)  sixty  cells  into  the 
cable  via  the  branch  coils  «,  which  should  be  plugged-in  to  avoid 
heating.  When  the  cable  current  has  been  repolarised — a  fact  which 
may  be  ascertained  by  putting  the  cable  to  earth  at  intervals  through 


^Earth 


Fig,  146. 


G2 — arrange  the  bridge,  close  the  key  Kp  and,  keeping  the  cable  to 
(r^y  watch  till  the  needle  comes  to  zero ;  at  that  moment  let  K^  fly 
back,  and  send  a  n^ative  current  through  the  bridge  system, 
observing  the  instantaneous  effect  on  the  galvanometer  (tj.  If  d  be 
too  great  the  needle  will  be  deflected  in  a  direction  (say  to  the  right) 
indicative  of  this,  but  immediately  after  it  will  rush  across  zero  and 
up  the  other  side  of  the  galvanometer  (to  the  left),  showing  that  the 
cable  current  has  again  set  in.  If  (^  be  too  small  the  needle  will  pass, 
to  the  left,  at  first  slowly,  but  immediately  after  with  a  bound,  d  is 
now  adjusted,  resistance  is  inserted  or  removed  as  required,  and  the 
eliminating  process  begun  again.  As  d  more  nearly  resembles  the 
resistance  of  the  cable,  the  first  and  instantaneous  deflections  after 
battery-contact  become  smaller ;  and,  when  d  and  the  cable  resistance 
are  equal,  the  needle  trembles  over  the  zero-point  for  a  moment,  and 
then  rushes  over  to  the  left  under  the  influence  of  the  cable  current. 
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Should  the  current  given  off  by  the  fault  be  negative,  having 
arranged  the  bridge  as  before,  repolarise  the  fault  with  a  positive 
battery  current,  and  waiting  till  G^  shows  the  cable  free,  proceed  to 
test  as  before,  but  using  a  positive  current  instead  of  a  n^;ative. 
Should  (^  be  too  great,  the  needle  of  0^  will  be  deflected  in  this  cuae, 
first  to  the  left  and  then  to  the  right.  Should  it  be  too  small,  the 
needle  will  move  to  the  right,  at  first  slowly,  but  immediately  after 
with  a  rush.  The  galvanometer  6^  must  always  be  ready,  and  not 
short-circuited,  else  the  first  and  instantaneous  deflections  after 
battery-contact  will  not  be  perceived. 

In  practice  it  is  found  that  when  the  cable  current  is  positive  it 
is  easily  eliminated  by  a  negative  current,  but  that  when  it  is  n^;ative 
the  operation  with  a  positive  current  is  more  difficult.  Indeed,  it  is 
better  not  to  employ  a  positive  testing  current  at  all  except  for  a 
moment  when  it  is  required  to  eliminate  a  weak  negative  cable  cur- 
rent. A  positive  current  applied  for  a  few  seconds  in  this  manner 
has  only  time  to  depolarise  a  fault,  but  when  continued  longer  it 
seems  to  actually  coat  the  exposed  wire  with  badly  conducting  sub- 
stances, by  which  the  total  resistance  is  increased. 

It  will  be  noticed  that  when  the  fault  is  depolarised  by  a  positive 
current  of  any  duration  it  does  not  recover  itself  for  a  long  time.  If 
a  galvanometer  be  joined  in  circuit,  its  needle  will  remain  at  or  near 
zero  for  a  considerable  time,  occasionally  oscillating  feebly.  The 
depolarisation  by  a  negative  current,  on  the  other  hand,  lasts  only  a 
few  moments. 

The  whole  of  the  foregoing  observations  are  not  applicable 
to  every  fault.  Thus,  when  the  fault  has  considerable  resistance 
in  itself,  or  when  more  faults  than  one  exist,  it  is  not  always 
possible  to  eliminate  the  cable  current.  Again,  when  the  fault 
possesses  resistance,  the  direction  and  strength  of  the  cable  current, 
when  the  distant  end  is  alternately  insulated  and  put  to  earth, 
do  not  always  coincide.  For  example,  a  fault  occurred  on  a  six-mile 
piece  of  shore-end  cable,  which  reduced  the  insulation  resistance 
to  about  2000  units  absolute.  Now,  when  the  further  end  of  this 
piece  was  to  earth,  a  strong  negative  current  was  often  obtained,  bat 
when  it  was  insulated  the  cable  current  was  slight,  and  positive. 
Again,  when  the  fault  is  further  off  than  about  150  miles,  and  the 
intervening  cable  perfect,  the  charge  current  interferes  with  the  test. 

828.  The  principal  obstacle  found  in  testing  for  faults  is  the 
presence  of  earth  currents.  If  it  were  not  for  these  there  would  really 
be  but  comparatively  little  difficulty  in  making  satisfactory  tests. 
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Bnt  even  earth  currents  would  not  create  any  serious  difBculties,  pro- 
vided thej  kept  constant  in  strength  and  direction  for  any  length  of 
time  ;  this,  however,  is  unfortunately  seldom  the  case,  and  it  is  often 
only  by  patient  watching  that  a  few  seconds  can  be  obtained  when  the 
cable  is  in  a  quiescent  condition,  and  a  test  of  correct  value  made. 

The  earth  current  difficulty  is  especially  met  with  in  long  cables, 
and  it  is  not  uncommon  for  days  to  pass  without  a  satisfactory  test 
being  made. 

Mange's  Method. 

829.  This  method,  devised  by  Sir  Henry  Mance,  has  for  its  object 
the  elimination  of  the  effects  of  an  earth  current  in  a  cable  when 
making  a  resistance  test.  The  general  principle  of  this  method 
has  been  described  on  page  288.  As  compared  with  the  ordinary 
**  Equilibrium  Method "  (page  285),  it  has  the  advantage  that  the 
polarisation  current  does  not  become  changed,  as  it  is  liable  to  do 
when  reversed  currents  are  sent  from  the  testing  batteries  ;  moreover, 
as  the  test  can  be  made  with  a  negative  current  only,  the  resistance 
of  the  fault  does  not  alter  materially,  as  it  is  liable  to  do  when  a 
positive  current  is  applied. 

In  making  the  test  practically.  Sir  Henry  Mance  considers  that 
the  simplest  plan,  and  the  one  giving  the  best  results,  is  to  have 
the  resistances  a  and  b  (Fig.  148,  page  286)  of  equal  value  ;  the  100 
and  1000  pairs  of  proportional  coils  in  the  ordinary  bridge  would  be 
used  generally  for  the  purpose.  The  test  is  commenced  by  observing 
the  resistance  ^,  with  the  smaller  pair  of  coils,  continuing  ths  test  untU 
the  resistance  of  the  fault  appears  fairly  steady^  when,  balance  being 
obtained  by  adjusting  d^  the  galvanometer  is  short-circuited  for  an 
instant  whilst  changing  the  100  coils  to  1000,  and  then  balance  is 
again  obtained  by  re-adjusting  d  \f>  d^.  This  operation  should  be 
several  times  repeated,  and  the  pair  of  readings  which  seem  most 
likely  to  be  correct  are  then  used  for  determining  x  from  the  formula. 
In  working  the  method,  care  should  be  taken  that  the  battery  is  in 
good  condition,  and  that  its  resistance  is  not  high.  If  the  conductor 
is  not  broken  and  the  fault  is  a  small  one,  sufficient  resistance  should 
l>e  added  at  the  end  nearest  the  fault  to  bring  the  latter  near  the 
centre  (§  824,  page  297).  The  tests  from  either  side  will  then  com- 
pare well  with  each  other.  In  arranging  this,  the  resistance  of  the 
batteries  must  not  be  overlooked,  and  it  is  therefore  desirable  that  all 
stations  should  use  similar  batteries  with  approximately  the  same 
internal  resistance. 
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When  teeting  with  the  1000  to  1000  proportion  coils,  the  obaerva- 
tions  will  generally,  bnt  not  invariably,  be  higher  than  when  uain^ 
the  100  to  100  bmnches.  TbiB  will  depend  on  the  earth  cnrrent* 
exiating  at  the  time.  The  corrected  result  will,  however,  be  approxi- 
mately the  same,  although  the  readings  may  indicate  an  alteration  of 
several  hondreds  of  unite  in  the  resistance  tested.  The  daily  Miria- 
tions  in  the  t^ats  to  a  fault  may  of  course  be  dne  to  alterations  in  the 
fikult  itself,  especially  if  it  is  a  small  one.  The  application  of  the 
correction  will,  however,  at  once  show  how  much  is  due  to  the  faalu 
and  to  what  extent  thp  tests  are  affected  by  other  disturbing  influences. 
Should  the  alterations  l>e  caused  liy  the  latter,  there  will  be  no  material 
change  in  the  corrected  results. 

330,  For  the  purpose  of  applying  the  test  with  ease  and  certainty. 
Sir  Henry  Mance  has  devined  a  fonn  of  bridge  specially  adapted 
for  the  purpose.     In  this  appamtus,  which  is  shown  by  Fig.  147,  a 


switch  is  provided  for  rapidly  changing  the  proportion  coila  from 
100  to  1000,  and  vic»  vtvsS;  a  set  of  single  ohm  shde  reBistances 
(page  19)  is  also  added  tor  the  purpose  of  adjoating  the  main  resist- 
aiioe  (d  and  d,)  with  rapidity. 


Kknnklly'h  Law  op  Fault  Rkhihtanob. 

331.  When  a  cable  which  has  become  broken  has  it£  r 
measured  in  order  to  determine  the  locality  of  the  break,  the  valae 
of  this  resistance  represents  the  resistance  np  to  the  fault  pins  the 
resistance  of  the  fault  itself.  Now  although  by  Lnmsden's  method 
(p^e  298)  it  ifl  often  possible  to  nearly  eliminate  the  resistance 
of  the   fault,  yet  this  cannot  always  be  done.     In  a  paper  read 
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before  the  Society  of  Telegraph-Engineerg  and  Electriciaiis,* 
Mr.  A.  E.  EenneUy  has  pointed  ont,  as  the  result  of  numerous 
experiments,  that  when  the  current  flowing  does  not  exceed  25  milli- 
amperes  (tMd  ampere)  the  resistance  of  the  fault  in  a  broken  cable 
varies  inversely  as  the  square  root  of  the  current  passing,  that 
is  to  say,  for  example,  if  we  qitadruple  the  current  we  halve  the 
resistance.  As  a  consequence  of  this  law,  it  is  possible  to  determine 
the  resistance  of  the  cable  up  to  the  break,  independently  of  the 
resistance  of  the  break  itself. 

Let  r  be  the  resistance  of  the  broken  cable  up  to  the  fault,  and 
/i  and  ^  the  resistances  which  the  fault  has  when  the  currents  passing 
are  c^  and  c^  respectively,  then  by  the  law  stated  we  have 

therefore 

4  =  ^^.  [1] 

Let  Rj  and  B,  be  the  total  measured  resistances^when  the  currents 
c^  and  C2,  respectively,  are  passing,  then 


theirefore 


or 


Ri 

=  r  + 
=  r  + 

/l 

A; 

R«- 
Ri- 

r 
» 
r 

V«2 

-  r 

• 
» 

-  r 

[2] 


therefore 


therefore 


or 


Bix/^  -  Bj V^  =  r(Vci  -  s/ci), 


VC2  -  V^i 


*^1 


*  'Pmoeedings  of  the  Society  of  Telegmpli-Engineers  and   ElectricianB/ 
Tol.  xyi.  page  86. 
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--= .     _      '^i  -  =  R.  -  (R,  -  R,)    ' 

or  if  ^  =  ??,  then 

r=R, -(Ri  -R2)     -L_-;  [A] 

V  n  -  1 

it  being  understood  that  c^  is  the  greater  of  the  two  currents. 

For  exampls. 

The  measured  resistance  of  a  broken  cable  when  the  current 
passing  was  8  milliamperes  {c^)  was  445*  (R^),  but  when  the  current 
was  increased  to  28  milh'amperes  (r.^)  the  measured  resistance  was 
found  to  be  485"  (Ro) ;  what  was  the  resistance  (r)  of  the  cable  up 
to  the  break  ? 

We  have 

,  ^         =      -J:  =  1  -44,  and,  R,  -  R.,  =  445  -  435  =  1(J, 

s/n  -  ^  2^       . 

V  8        ^ 
therefore 

r  =  485  -  10  X  1-44  =  485  -  14-4  =  420-6r 

882.  It  is  obvious  that  the  values  of  c^  and  c^  might  be  determined 
by  placing  a  low  resistance  galvanometer  in  circuit  with  the  cable  whilst 
the  tests  are  being  made,  and  noting  the  deflections  obtained  in  the 
two  cases.  The  strengths  of  the  current  could  be  varied  either  by 
changing  the  battery  power  or  by  changing  the  resistances  in  the 
arms  of  the  bridge,  as  in  Mance's  test.  Mr.  Kennelly  prefers  to  adopt 
the  latter  method  and  to  calculate  the  strengths  of  the  current  passing, 
instead  of  having  a  galvanometer  in  the  cable  circuit  as  suggested. 
In  order  to  eliminate  the  effects  of  earth  currents  he  balances  to  a 
false  zero  (page  290). 

If  the  relative  strengths  of  c.^  and  r^  are  made  in  the  proportion 

of  4  tv)  1,  that  is  if  n  =  4,  then     ,_     -  =  1,  so  that 

V  »  -  1 

r  =  Ro  -  (Ri  -  R2)  =  2  Rj  -  R^.t 


*  Values  of  -r—  -  oorresimiidiiig  to  vftriouB  yalaes  of  n  are  given  in  Table  X. 
\/n  —  1 

t  U.  E.  Cann  and  W.  J.  Murphy,  «The  Eleotrioal  Review/  Oct.  i%h  and  Utb 
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Correction  for  Polaristxtion  and  Earth  Current, 

383.  If  e  is  the  electromotive  force  of  the-  combined  polarisation 
and  earth  current,  then 

Ri  =  »•  +/i  ±  f .   or     R,  ±  ^  =  r  +/i 

R,  =  r  +/j  ±  '     or     Rj  ±  '  =  r  +/j, 

hence  we  can  see,  that  as 

Ri  ±  -  ,    and     Ro  ±  ^ , 

take  the  place  of  R^  and  Ro  in  equation  [2]  page  305,  therefore 
equation  [A]  page  306,  becomes 


*  If  in  a  oirouitof  resiatanoe  B  a  current  of  strength  G  is  produced  by  uu 
electromotive  force  E,  then, 

0  =  |,    or,    OR  =  E.  [1] 

If  into  the  circuit  an  additional  electromotive  force  d:  «  is  introduced  and  also  a 
resiritaiioe  B'  is  added  or  taken  out,  so  that  the  current  in  the  circuit  dti II  remains 
C,  then  we  hare 

0  =  ^±,     or,    CR±OR'=E±«.  [2] 

Subtracting  [1]  from  [2],  we  get 

dbCR'  =  ±d,     or,     B'  =  ±^;  2 

that  18,  the  added  or  Bubtraoied  reeiatanoe  R'  iB  an  equivalent  to  the  electromotive 
foroe  0  divided  by  the  total  current  C  in  the  oirouit. 

S  2 
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the  term 


^iL^        w/^n  -  1      nj 


or 


representing  the  correction  due  to  the  combined  polarisation  and  earth 


e 


current,  and  the  +  sign  being  taken  for  the  value  of  —  when  the 


«i 


combined  polarisation  and  earth  current  is  in  the  same  direction 
as  the  testing  current,  and  the  -  sign  when  the  direction  is  opposed 
to  the  testing  current. 

The  values  of  c^  and  c^  are  best  measured  by  including  between 
the  cable  end  and  the  bridge  a  low  resistance  milliamperemeter  (a 
"  Weston  "  instrument  is  very  suitable  for  this  purpose),  e  can  be 
determined  by  noting  the  permanent  deflection  given  on  the  bridge 
galvanometer,  a  high  resistance  being  included  in  the  circuit,  and 
then  comparing  this  deflection  with  one  obtained  from  a  standard 
cell  in  the  place  of  the  cable. 

In  order  that  good  results  may  be  obtained,  the  ratio  of  c^  to  c^ 
should  not  be  more  than  1  to  3  or  less  than  1  to  2,  and  the  currents 
should  be  about  20  or  80  milUamperes. 

If,  instead  of  two  measurements,  with  currents  c^  and  r^,  a  third  is 
made  with  a  current  c^y  then  a  second  equation  similar  to  [C]  (page 

307)  can  be  obtained  ;  by  combining  these  two  equations,       can  be 

eliminated.    Thus,  let  ^3  be  the  strength  of  the  third  current,  and  let 

c,  =  m  Ci ; 
then 

r=R3-(R,-R3)_i— ±^.4.. 

V m  -  1      <i    vm 

or 

^1  L  vw  - 1 J 

and  since  from  [C] 

^1  L  v»  -  1 J 

therefore 


therefore 
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therefore 

r  (s/m  -  y/n)  =  ^m  [^R,  -  (Rj  -  R,)     ,^  _  ^j 

-  y/n  I    Rj  -  (Ri    -   Rj)     y= I  . 

a  formula  which  is  applicable  for  any  values  of  c^,  Cg,  and  Cg. 
If  we  have 

then 

»»  =  9,    >y/m  =8,        »  =  4,    ijn  =  2, 

=  4-5  Rg  -  4  R2  +  -5  Ri 

Schaefbb's  Law  of  Fault  Resistance. 

334.  Mr.  Schaefer  has  found,  as  the  result  of  a  very  numerous 
series  of  experiments,  that  if  proper  account  be  taken  of  the  polari- 
sation and  earth  current  in  the  cable,  and  also  if  the  balance  on  the 
bridge  be  taken  to  true  (instead  of  false,  as  in  the  Keimelly  test)  zero, 
that  the  resistance  of  the  fault  should  be  taken  to  vary  inversely  as 
its  1 '  3rd  root.    In  this  case,  then,  equation  [B]  (page  307)  becomes 

r  =  R,  -  (Ri  -  R,)       1^  ±  i  r  (1  -  1 )      11-  - 11  .t 

1 
*  Values  of  i^s;-^ — r  oorreBpomling  to  yarious  values  of  i»  are  given  m  Table  X. 
V*— 1 

t  Mr.  8ohaefer  gives  this  equation  in  the  rorm 


or 


a  =  .-^-_ 
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Afl  in  the  case  of  the  Kennelly  test,  a  third  measurement  with  a 
current  c^  could  be  made,  with  the  object  of  obtaining  a  second 

equation,  and  so  to  eliminate  -  .    In  order  to  do  this,  let 

r  =  R,  -  (Ri  -  B^)a±-.y  [1] 

atid 

r  =  R3-(Ri-  n^)b±-\z,  [2] 

where 

V         m)'Vm-l      m 
By  combining  equations  [1]  an^  [2],  we  get 

^  ^  RsyCl  ±_*)_r  h  g(l  +  g)-l-  Rijza  -  rjb) 

y  -~2 

If  we  have 

then 

.  =  ,^^^  =  •52500,     ^  =  ry-ir^-  -22622, 

y=  f  X  -52500-  \  =-14875,       2=  t  x  '22622-  \  ='089973; 
^4  4  9  9 

therefore 

y(l  +  «>)  =  -14375  X  1-22622  =  -11728, 

2(1  +  fl)  =  -089978  X  1-52500  =  -18721, 

za  "  yb  ^  -089973  x  -52500  -  -14875  x  -22622  =  -014717, 

y  -  z=  -14875  -  -089978  =  -058777; 

therefore 

^  Kg  X  -11723  -  Rg  x  '18721  +  B,  x    014717 

=  2-180  Rb  -  2-552  Rj  +  -2787  R^. 

Rymeb  Jones's  Method. 

385.  Mr.  J.  Rymer  Jones,  as  the  result  of  a  large  number  of 
experiments,  found  that  the  resistance,  r,  up  to  the  fault  is  very 
approximately  given  by  the  formula 

r  =  2-557  Rs  -  1557  R^, 
R.J  being  the  resistance  measured  with  the  higher  current,  and  R^  that 
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with  the  lower  current,  the  balance  on  the  bridge  being  to  tntSj  and 
not  to  false  zero. 

Thus,  to  take  the  results  given  in  the  example  to  Eennelly^s 
method,  viz. 

R^  =  445     R^  =  435, 


we  get 


r  =  2-557  X  435  -  1-557  x  445  =  410-5. 


Several  measurements  of  R^  and  R^  should  be  made  in  quick 
succession,  and  the  mean  of  the  most  regular  values  taken. 

An  advantage  of  the  test  is  that  the  differetice  between  the  measured 
values  Rj  and  R^  indicates  whether  the  result  may  be  depended  on, 
or  whether,  and  what,  correction  is  necessary.  The  weaker  the  current 
the  greater  is  the  difference  between  R^  and  R.>-  This  may  be  ascer- 
tained for  various  exposures  by  experiments  on  the  particular  cable 
cores  in  a  bucket  of  sea-water.  After  localisation  tests,  join  up  a 
known  resistance — approximately  equal  to  Rg — in  circuit  with  pieces 
of  the  cable  core,  having  respectively  exposures  of  \  inch,  -^  inch, 
and  also  that  given  by  a  clean  cut.  These  should  each  be  tested 
with  the  same  two  current  strengths  as  applied  to  the  cable  for 
the  real  fault ;  or  a  table  of  differences  may  be  made  beforehand  for 
these  exposures  with  current  strengths  of  5  and  10  milUamperes. 
It  is  found  that  a  newly  made  conductor  exposure,  even  when  un- 
fingered,  gives  a  calculated  result  rather  higher  than  that  obtained 
when  it  has  been  allowed  to  remain  in  salt  water  for  some  time, 
and  the  same  thing  is  observed  if  the  exposure  is  tested  with  a  negative 
current  so  as  to  improve  the  surface  contact  with  the  salt-water.  In 
either  case  the  conditions  approximate  to  those  met  with  in  the 
broken  end  of  a  cable  conductor. 

In  the  majority  ot  breaks  with  core  107  lbs.  copper  and  140  lbs. 
guttapercha,  iJie  exposure  will  be  sufficient  to  ensure  a  true  result 
without  any  correction,  since  for  exposures  of  from  1  inch,  or  over, 
to  \  inch,  the  calculated  distance  is  closely  the  same.  If  then  the 
difference  between  R^  and  Rj  ^  ^^  mor^  than  that  obtained  with  the 
experimental  core  having  \  inch  exposure,  it  will  be  evident  that 
the  fault  resistance  is  unimportant,  and  that  the  calculated  resist- 
ance may  be  relied  on.  Should  the  difference  be  about  that  obtained 
with  tV  ^^'^  exposure  (for  the  before-mentioned  core),  then  subtract 
5  per  cent,  from  the  result,  and  if  the  difference  be  as  great  as  for  a 
clean  cut,  the  calculated  result  will  be  about  80  per  cent,  too  high. 
In  the  case  of  a  larger  difference  still,  comparison  should  be  made 
with  smaller  experimental  exposures. 
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Very  gmall  exposnreB  will  be  apparent  by  the  gas  set  free  by  the 
higher  testing  current  (10  milliamperes),  and  if  the  balance  be  very 
unsteady  from  this  cause,  it  will  be  well  to  open  out  and  clean  the 
fault  with  a  strong  negative  current  and  then  test  again. 

A  positive  current  applied  for  about  one  minute  before  repeat- 
ing the  above  test  will  sometimes  give  a  steadier  result.  As  this, 
however,  reduces  the  difference  between  R|  and  R,  considerably  without 
greatly  reducing  the  calculated  result,  the  approximate  difference  with 
the  negative  currents,  before  applying  the  short  positive  current^  should 
be  taken  as  the  more  reliable  index  of  the  resistance  to  be  subtracted 
from  the  calculated  distance  (in  ohms)  of  a  small  fault. 

With  the  core  referred  to  (107  lbs.  copper  and  140  lbs.  gutta- 
percha), and  with  currents,  for  Rj  and  R,  respectively,  as  high  as 
20  and  40  milliamperes,  the  results  obtained  for  exposures  of  from 
1  to  tV  ^^  <^o  not  differ  greatly  from  each  other.  The  currents 
are,  however,  rather  too  high,  whereas  5  and  10  milliamperes  give 
very  close  results.  With  currents  of  5  and  10  milliamperes  there  is, 
moreover,  the  important  advantage  that  less  gas  is  evolved  at  the 
fault,  and  balances  are  therefore  much  more  reliable  with  the  smaller 
exposures.  For  these  reasons  it  is  recommended  that  5  and  10  milli- 
amperes be  used  for  aU  exposures. 

The  principle  of  testing  an  experimental  core  fault  tcith  an  ex- 
posure giving  approximately  the  same  difference  between  R^  and  Rj  as 
when  testing  the  cable,  and  in  circuit  with  coils  having  a  known  resist- 
ance closely  equalling  that  measured  up  to  the  fault,  and  using  the 
same  two  battery  currents  as  for  the  cable  test,  is  clearly  a  good  one 
for  obtaining  a  reliable  standard  of  comparison,  because  the  two 
tests  are  made  under  precisely  the  same  conditions.  If,  therefore, 
the  experimental  core  works  out  correctly,  the  same  satisfactory  results 
may  be  expected  for  the  cable  tests ;  while  if  the  calculated  resistance 
in  the  case  of  the  experimental  fault  be  too  high  or  too  low,  a  corre- 
sponding correction  will  be  necessary  for  the  cable  fault 

Even  though  the  two  current  strengths  be  not  5  and  10  milli- 
amperes, and  have  not  a  ratio  of  exactly  1  to  2,  it  is  not  material,  pro- 
vided we  have  this  standard  of  comparison,  because  any  error  in  the 
result  obtained  in  the  cable  fault  test  will  be  the  same  as  for  the 
experimental  fault  test,  since  the  latter  being  known  it  can  be  added 
to  or  subtracted  from,  the  distance  in  ohms  of  the  cable  earthy  as 
calculated  from  the  formula ;  thus  the  true  result  can  be  obtained 
irrespective  of  want  of  proportion  in  the  two  current  strengths 
employed,  and  the  existence  of  fault  resistance,  if  any. 

The  formula  does  not,  of  course,  correct  for  any  actual  resistance 
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which  the  fault  has  when  the  exposure  is  very  small,  and  which  must 
be  distinguished  from  the  apparent  resistance  due  to  polarisation  ;  for 
Kennelly's  law  of  inverse  square  roots  applies  only  to  clean  surfaces 
and  to  the  measured  resistance  between  the  exposed  conductor  and  a 
large  body  of  water,  so  that  any  intervening  matter — whether  it  be 
a  liquid  confined  in  a  contracted  space,  or  a  solid  incrustation  on  the 
conductor — will  vitiate  the  result,  and  no  formula  or  test  has  yet  been 
suggested  whereby  the  conductor  resistance  can  be  differentiated  from 
any  other  resistance  (whether  fluid  or  solid)  in  circuit  with  it. 

For  exposures  exceeding  ^i'^  inch,  comparison  with  an  experimental 
fault  is  unnecessary,  so  far  as  the  apparent  fault  resistance  is  con- 
cerned, for  that  is  eliminated  by  the  formula,  but  it  is  valuable  as  a 
check  in  case  the  two  battery  powers  are  not  exactly  in  the  ratio  of 
1  to  2. 

If  a  preliminary  test  shows  the  resistance  in  circuit  to  be  less  than 
lOOO",  then  put  in  circuit  with  the  cable  about  1000*  additional — 
to  be  afterwards  deducted  from  the  calculated  result — so  that  the 
difference  in  the  fault  resistance  may  not  materially  alter  the  ratio 
1  to  2  of  the  currents  through  the  fault  when  measuring  R^  and  Rg. 

It  is  important  to  test  first  with  the  higher  current^  and  to  keep  it  on 
until  the  balance  is  steady^  as  the  resistance  will  sometimes  creep  up, 
especially  when  testing  a  heavy  core,  such  as  650  lbs.  copper  and 
400  lbs.  guttapercha.  A  battery  commutator  is  also  desirable  to 
change  quickly  from  one  current  strength  to  the  other. 

Number  of  cells  for  the  \  r Nearest  number"! 

higher  testing  current,  I  =  ^  "*"_ '"  cells.     I       divisible  by  2  I  ; 
10  milliamperes  )       ^^^'^  L     to  be  used.     J 

where 

e  =  voltage  of  single  cell  of  battery  ; 

R  =  approximate  resistance  of  cable  conductor  and  fault  by 
preliminary  measurement  io  false  zero  with  negative 
current ; 

r  =  resistance  in  cable  branch — viz.  1000",  using  propor- 
tional parts  1000  :  1000. 

Kinosfoed's  Method.* 

836.  This  method  is  a  modification  of  Blavier's  test  (page  295), 
and  its  object  is,  that  in  both  the  measurements  made,  viz.  one  with  the 

*  *  Proceedings  of  the  Society  of  Telegraph-En^neeni,' vol.  xiv..  Deo.  10th, 
1885. 
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farther  end  of  the  cable  insulated,  and  the  second  with  the  farther 
end  put  to  earth,  the  current  flowing  out  at  the  fault  shall  be  the 
same.  This  is  effected  by  connecting  a  resistance  to  the  end  of  the 
cable  nearest  to  the  fault  when  the  first  measurement  is  made.  If 
this  resistance  be  r,  then  formula  [1],  page  296,  becomes 

which  makes  the  value  of  a 


a  =  l,-^(l-\-r)l\.-l,).  [A] 

Now  r  in  this  equation  requires  to  be  of  such  a  value  that  the  current 
flowing  through  the  fault  in  the  two  measurements  is  the  same ;  thus 
if  E  be  the  electromotive  force  causing  the  current  C,  we  must  have 


and 


therefore 


0=        E     , 

f  +  a  +/ 

p  ^ B^  J^    ^  E* 

a-^-tfJ"  *+/      ahWafVhf' 


E  E» 


therefore 


or 


that  is 


r  +  a  +/      ab  +  af+  bf' 
r  b  +  ab  +  bf=  ab  +  a/+  bf, 


rb-=af. 


but 


and  also  (page  296,  equation  [3]) 

b  =  h  -  a\ 

therefore 

^_a{l-  a-r) 
L-fl      ' 

therefore 

\jr  -  ar  ^  al  -  a^  "  ar^ 
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that  is 


T  = 


a(Z  -  a) 


[B] 


What  we  have  then  to  do  is  first  to  make  rough  tests  of  I  and  Z^, 
giving  r  any  value  we  like,  and  then  having  worked  out  the  value  of 
a  from  equation  [A]  (page  314)  to  insert  the  value  in  equation  [B], 
and  thus  to  obtain  r  approximately.  We  then  make  new  tests  of 
I  and  ?i,  giving  r  this  calculated  value ;  this  (from  equation  [A]) 
will  give  a  nearer  its  correct  value.  The  corrected  value  of  a  thus 
obtained  is  then  inserted  in  [6],  and  r  again  worked  out,  and  the 
new  value  thus  obtained  is  used  to  make  a  third  test  which  will  enable 
the  value  of  a  to  be  obtained  closer  still.  Thus  by  making  a  series 
of  tests  in  this  way,  we  soon  arrive  at  one  which  gives  very  approxi- 
mate results,  i.e.  results  such  that  when  we  work  out  a  from  formula 
[A]  and  then  insert  it  in  formula  [B],  we  find  that  the  value  of  r 
obtained  from  this  formula  corresponds  closely  with  the  value  of  r 
which  we  are  using  in  making  the  test. 

A  continued  experience  of  this  method  of  testing  has  shown  that 
it  enables  very  satisfactory  results  to  be  obtained. 


A^yQy 


Bbtts'  Method.* 


C    It    ^ 


■\ 


Earth 


^^r<S>*i» 


mM 


Earth 


Earth 


Fxo.  148. 


887.  In  this  test,  two  batteries  and  galvanometers  are  joined  up 
at  the  ends  of  the  cable,  as  shown  by  Fig.  148,  r^  and  r^  being  the 
resistances  of  the  batteries  and  galvanometer ;  then  .by  EirchofF^s 
laws  (page  200),  we  have, 

^2(^2+  ft)  +  ^3/=  E2; 


•  *  The  Electrical  Review/  Aug.  Uth,  1901. 
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by  subtraction 

h(ri  +  fl)  -  c^{r^  +  6)  =  Ej  -  Eg. 

If  /  be  the  total  resistance  of  the  cable,  then 

fl  +  ^  =  ?,    or,    b  =  I  -  a; 
therefore 

h  (Ti  +  a)  -  CaCrj,  +  i  -  a)  =  El  -  E^ 
therefore 

a(ci  +  Cj)  +  e^r^  -  c^(J  +  r,)  =  B^  -  Ej, 
or,  • 

^1  +  ^2 

If  the  two  batteries  are  made  of  eqaal  value,  as  Mr.  Bette 
suggests,  then  E^  -  E,  :=  0,  in  which  case 

Cj  +  Cj  ^    -^ 

In  making  the  test  practicaUy,  the  connections  at  A  and  B  being 
suitably  arranged,  then  both  stations  at  a  given  time  (clocks  at  the 
two  stations  being  closely  synchronised  for  the  purpose,  and  time 
allowed  for  shunts  to  be  adjusted  in  order  to  obtain  convenient 
deflections),  apply  the  batteries  and  observe  the  deflections  on  the 
two  galvanometers  simultaneously,  these  deflections  giving  the  values 
of  c^  and  c^,  for  which  they  may  be  substituted  in  the  formula. 

As  the  adjustment  of  E^  and  Ej  to  have  equal  values  (to  enable 
formula  [B]  to  be  used)  may  be  a  matter  of  some  little  difficulty,  it 
would  probably  be  better  to  obtain  their  absolute  values  by  comparison 
with  standard  cells,  and  then  to  use  formula  [A]. 

Although  Mr.  Betts  suggests  the  use  of  an  electromotive  force  at 
each  end,  it  would  appear  that  one  of  these  could  be  dispensed  with, 
say  E,  ;  formula  [A]  in  this  case  would  become 

^^Ei-c,(^  +  r,)  -g^ri 

(^2  being  negative,  since  c^  and  c^  in  this  case  flow  in  opposite  direc- 
tions). The  method  is  then  practically  the  same  as  '*  Kempe's  Loss  of 
Current  Test,"  page  821,  since  Ej  -  Cj  r^  in  the  above  formula  is 
equivalent  to  C^  Zg  in  Eempe^s  test,  l^  being  the  resistance  beyond  A. 
The  accuracy  with  which  the  test  can  be  made  is  directly 
dependent,  amongst  other  things,  upon  the  accuracy  with  which  the 
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galvanometer  deflections  can  be  noted,  and  these  should  therefore 
be  as  high  as  possible. 

388.  Practice  is  reqaired  before  any  of  the  forgoing  tests  can  be 
satisfactorily  made.  An  artificial  line,  however,  can  easily  be  formed 
with  resistance  coils  to  represent  the  resistance  of  the  line  up  to  the 
fault,  and  a  short  piece  of  cable  core  which  has  been  pierced  with  a 
needle  for  the  fault  itself.  This  piece  of  core  should  be  immersed  in 
a  vessel  of  sea-water,  using  a  piece  of  galvanized  iron  plate  or  wire 
for  an  earth.  By  this  means  a  very  fair  idea  of  some  of  the  difficulties 
encountered  in  testing  for  faults  in  cables  may  be  obtained,  and  good 
practice  made. 

839.  The  accurate  regulation  and  measurement  of  the  strengths 
of  the  currents  used  when  localising  faults  in  cables  is  a  matter  of 


101 


(maooo  Ohms) 


Fio.  149. 

very  great  importance,  and  the  practice  of  roughly  estimating  their 
value  from  the  electromotive  force  of  the  testing  battery  and  the 
various  resistances  in  circuit  is  quite  insufficient  to  enable  accurate 
results  to  be  obtained.  The  use  of  a  direct  reading  galvanometer,  or 
rather  milliamperemeter,  in  the  circuit  through  which  the  current 
whose  strength  should  be  known  is  flowing,  is  an  indispensable 
adjunct  to  the  apparatus  used  for  the  localisation  of  faults.  The 
'*  Weston  "  milliamperemeters  are  very  suitable  for  the  purpose. 
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340.  Mr.  Raymond-Barker  poinfaB  out  ('The  Electrical  Review, 
Aug.  21,  1903)  that  when  a  set  of  high  resistance  Kelvin- Varley 
slides  (page  254)  stand  handy,  as  is  the  case  in  most  testing  rooms,  this 
apparatus  may  be  used  for  adjusting  to  a  nicety  the  various  currents 
required  to  flow  to  line  when  tests  are  made  on  a  faulty  or  broken 
cable.    This  arrangement  is  shown  by  Fig.  149. 

Jacob's  Deflection  Method. 

341.  A  disadvantage  in  using  the  Wheatstone  bridge  for  measur- 
ing the  resistances  in  the  foregoing  methods  is  the  time  it  takes  to 
arrive  at  balance,  and  the  difficulty  of  seeing  what  is  happening  in 
the  way  of  eartli  currents,  polarisation,  etc.  ;  the  determination  of 
the  resistance  by  deflection  is,  however,  as  rapid  a  method  as  can  be 
desired,  and  allows  of  continuous  observation  of  the  behaviour  of  the 
fault.  The  only  requirements  for  the  test  are,  a  battery  with  a 
reversing  switch,*  a  Kelvin  mirror  galvanometer  with  a  reversing 
key,*  and  a  set  of  resistance  coils.  The  battery,  galvanometer,  and 
cable  are  first  joined  up  in  circuit,  one  pole  of  the  battery  and  the 
further  end  of  the  cable  being  to  earth  ;  and  the  galvanometer  being 
shunted  by  a  shunt  of  a  very  low  resistance  (a  short  piece  of  wire 
answers  weU  for  this  purpose).  The  needle  of  the  galvanometer  is 
turned  so  that  it  has  a  large  inferred  zero  (page  80). 

The  apparatus  being  thus  joined  up,  the  battery  is  switched  on 
and  one  of  the  galvanometer  reversing  keys  depressed  so  that  the 
needle  of  the  galvanometer  turns  in  the  direction  necessary  to  bring 
the  spot  of  light  on  the  scale  ;  by  adjusting  the  shunt  this  deflection 
is  brought  to  a  convenient  position.  The  galvanometer  reversing 
key  is  now  released,  the  battery  is  reversed  by  means  of  its  switch, 
and  then  the  second  reversing  key  of  the  galvanometer  is  depressed  so 
that  the  deflection  of  the  galvanometer  needle  is  in  the  same  direction 
as  it  was  in  the  first  instance.  Since  in  one  case  the  battery  current 
is  in  the  same  direction  as  the  earth  current,  and  in  the  other  case  it 
is  opposing  it,  the  two  deflections  will  differ,  but  by  a  judicious 
adjustment  of  the  shunt  and  of  the  magnitude  of  the  inferred  zero, 
it  may  be  arranged  that  both  deflections  come  well  within  the  range 
of  the  scale,  the  shunt  being  the  same  in  both  cases.  These  pre- 
liminaries being  arranged,  the  shunt  and  the  zero  position  must  not 
be  altered  during  the  series  of  tests.  A  number  of  deflections  are 
now  taken  with  each  current,  and  by  a  proper  manipulation  of  the 
short-circuiting  key,*  the  oscillations  of  the  needle  can  be  checked  so 

*  Chapter  X. 
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quickly  that  the  valae  of  the  deflections  can  be  determined  within  two 
or  three  seconds  or  less  after  the  battery  has  been  switched  on  ;  thus 
the  behaviour  of  the  fault  can  be  carefully  observed  and  the  re- 
liability of  the  readings  with  either  current  assured  without  any  great 
difficulty. 

After  the  necessary  deflections  have  been  determined,  the  set  of 
resistances  is  substituted  in  the  place  of  the  cable,  and  the  deflections 
obtained  are  reproduced. 

Let  dj^  and  d2  be  the  deflections  obtained. 

Let  E  and  e  be  the  respective  electromotive  forces  of  the  battery 
and  of  the  earth  or  cable  current. 

Let  X  be  the  resistance  being  measured. 

Let  R^  and  R^  be  the  resistances  required  to  reproduce  the  deflec- 
tions d^  and  d^. 

liastly,  let  Oj  and  Cg  be  the  currents  producing  the  deflections  d^ 
and  d.2 ;  and  let  R  be  the  resistance  of  the  battery  and  shunted  galva- 
nometer. 

Now  when  the  deflections  are  taken  on  the  cable,  we  have 


and 


".-»::  w 


"' '  H  -;;■  PI 


When  the  same  deflections  are  taken  witli  the  I'esistance  coils  in 
the  place  of  cables,  then  we  have 


and 


consequently  we  have 


or 


or 


R  +  r; 


^•^=r!r.'  W 


E  +  fl  _       E 

R-fic  R  +  Ri' 

E  +  6  ^  R  -f  a; 

E  R  +  Rj 


.    ,    e       R  +  X 
1  +  ^  *= 


£       R  +  Rj 
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therefore 


We  also  have 


or 


e  ^    R  +  *    _  1 
E  '  RTRj 


E  -  (9  ^      E 
R  +  X       R  +  R2' 


i  =  1  _  JLjt* 
E  R  +~R^ ' 


therefore 


therefore 


or 


R^+  x__  ^  ^  J  _   R  +  a; 
R  +  Rj  R  +  Rg 

^^^^^[rI-X^RTr^]^-'' 

2(R  +  R0(R+R,)  ^  j>  r.. 

That  is  to  saj,  x  equals  the  harmonic  mean  of  (R  +  R^)  and  (R  +  Bs)* 
minus  R.  In  fact,  we  have  to  add  R  to  both  R|  and  R^,  take  t^e 
harmonic  mean  of  the  results,  and  then  subtract  R  from  this  mean. 
If  R  can  be  made  so  low  as  to  be  negligible,  then  of  course  the  formula 
becomes  considerably  simplified,  x  being  equal  to  the  harmonic  mean 
of  R^  and  R^. 

Although  R  could  be  determined  by  a  separate  measurement  and 
then  inserted  in  the  formula,  there  is  no  absolute  necessity  for  doing 
this,  since  we  have  actually  all  the  data  requisite  to  determine  a;  with- 
out knowing  the  value  of  R.     From  equation  [8]  (page  819)  we  have 

Cj  R|  =  B  —  Cj  R, 

and  from  equation  [2] 

Cg  Rg  =  E  -  Cj  R  ; 
therefore 

Ci Ri  +  C2R2  =  2E  -  R(Ci  +  C2). 

Also  from  equations  [1]  and  [2]  we  have 

>  ^     -'      H  +  i-' 
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therefore 

Ci Ri  +  Ca Ra  ^  R  +  a;-R  =  a;. 
Ci  +  Ca 

Since  the  cnrrents  C^  and  Cg  are  represented  by  the  deflectioDB 
di  and  ^2  we  have 

an  equation  which  is  simpler  than  equation  [A]  (page  320)  and  which 
does  not  require  R  to  be  known  or  to  be  made  negligible,  though 
in  order  to  make  the  test  with  the  greatest  chance  of  accuracy  it  is 
advisable  that  R  should  not  have  a  high  value,  for  reasons  which  have 
been  explained  in  §  120,  page  122. 

K,  however,  equation  [B]  were  made  use  of  it  would  be  necessary 
to  make  the  zero  of  the  galvanometer  some  point  on,  and  not  ofF,  the 
scale,  otherwise  we  should  not  know  what  are  the  true  values  of  the 
deflections  di  and  d^*  By  making  the  zero  at  the  extreme  end  of 
the  scale  the  range  will  be  700  divisions,  which  will  generally  enable 
sufficiently  accurate  tests  to  be  effected. 


KbMPB*8  Loss  OF  CUERENT  METHOD.* 

342.  In  this  test,  the  arrangements  for  which  are  shown  by 
Fig.  149,  a  battery  E  is  permanently  connected,  through  a  galvano- 


H'i'1^0/  •    r'gH 


Earth  Earth  Earth 

Fig.  149. 

meter  6^,  to  one  end  A  of  the  cable,  the  further  end  B  being 
connected  to  earth  through  a  second  galvanometer  G. 

Let  Ca  be  the  current  sent  through  the  galvanometer  G^,  and  let 
Cr  be  the  current  received  on  the  galvanometer  G,  then 


*  This  test  was  first  described  by  the  Author  in  the  second  edition  of  the 
present  work  in  the  year  1881,  but  it  was  also  independently  devised  by  M. 
Emile  Laooine  and  described  by  him  in  the  *  Bulletin  de  la  Soci^te  Internationale 
des  Eleotriciens,'  for  April  1886. 


322  HANDBOOK   OF  ELECTRICAL  TESTING. 

f  f  0 

Let  the  tesistance  beyond  A  be  /^  then 

alao,  as  in  the  previous  tests,  let 

a  +  J  =  L,  or,  J  =  L  -  a, 

then  by  snbstitntion  we  get 


Cr 

*j  =  a  -I- 

therefore 

C,Z3  =  C,fl+Cr(L  +  G)  -Cr«, 

that  is 

«(C,  -  Cr)  =  C,/,  -Cr(L  +  G), 
or 

C,?s-Cr(L  +  G) 
"^  C,^CV 

If  the  galvanometer  6  is  shnnted,  then  G  in  the  f  ormola  must  be 
the  combined  resistance  of  the  galvanometer  and  shnnt. 

L  in  this  equation  is  known,  it  being  the  condactor  resistance  of 
the  cable  when  sound,  l^  is  easily  determined,  when  the  obeervations 
with  the  cable  are  completed,  by  joining  up  the  galvanometer  G^  and 
battery  E  in  circuit  with  a  set  of  resistance  coils,  and  then  adjusting 
the  latter  until  the  deflection  on  the  galvanometer  G^  is  observed  to 
be  the  same  as  it  was  when  the  cable  was  in  circuit ;  the  resistance 
in  the  coils  then  gives  the  value  of  l^,* 

In  order  to  determine  Gs  and  Cr,  we  must  compare  the  deflections 
they  produce  on  the  respective  galvanometers,  with  the  deflections 
obtained  on  the  same  galvanometers  from  a  standard  current  of,  say, 
1  milliampere. 

Supposing  both  stations  to  be  provided  with  standard  dry  cells 
(page  176)  of  known  electromotive-force,  then  each  station  having 
noted  the  deflection  obtained  when  in  circuit  with  the  cable,  discon- 
nects the  galvanometer  from  the  latter,  and  puts  it  in  circuit  with  the 
standard  cell,  and  with  such  a  total  resistance  as  will  give  a  current 
of,  say,  1  milliampere.    The  deflection  is  again  noted;   then  this 

•  See  §  4,  page  2. 
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deflection,  divided  into  the  deflection  obtained  when  the  cable  was  in 
circuit,  gives  the  value  of  Cs  or  Cr,  as  the  case  may  be. 

For  eoaample. 

In  testing  a  cable  by  the  foregoing  method,  the  connections  being 
made  as  in  Fig.  149,  station  A  obtained  a  deflection  on  the  galvano- 
meter equivalent  to  2800  divisions ;  station  B  obtained  a  deflection 
equivalent  to  1520  divisions. 

The  deflection  obtained  at  A  on  the  galvanometer  with  a  standard 
dry  cell  of  1*52  volts  e.m.f.  through  a  total  resistance  of  1520** 
was  100  divisions,  and  the  deflection  obtained  at  station  B  with  a 
standard  dry  cell  of  1  *  50  volts  e.m.f .  through  a  total  resistance  of 
1500**,  was  95  divisions ;  then 

n    ^  2800  _^^.    p    _  1520  _  ... 

the  valae  of  Z,  was  found  to  be  280",  and  the  values  of  L  and  6 
were  known  to  be  345"  and  5"  respectively.  What  was  the  value 
of  a? 

a  =  (28  X  280)  -  [16  x  (345  +  5)]  ^  ^gg.^,^ 

28  —  16 

If  the  cable  had  a  conductor  resistance  of  10**  per  mile,  then  the 
distance  of  the  fault  from  A  would  be 

1?^  =  18-67  miles. 
10 

If  a  shunt  is  used  on  G,  then  the  deflection  must  of  course  be 
multiplied  by  the  multiplying  power  of  the  shunt. 

A  great  advantage  which  this  test  possesses  lies  in  the  fact, 
that  all  the  necessary  observations  on  the  cable  can  be  made 
simultaneously,  station  A  arranging  with  station  B  that  at  a  definite 
time  the  observations  are  to  be  made  on  the  galvanometers ;  there 
is  thus  no  chance  of  error  from  the  fault  changing  its  resistance 
between  two  independent  observations,  as  might  occur  in  other 
methods. 

It  has  been  assumed  that  this  test  has  been  made  with  Kelvin 
galvanometers,  and  it  is  advisable,  if  possible,  to  employ  them ;  the 
durecting  magnets  in  the  instruments  would,  however,  have  to  be 
placed  very  low  down  and  very  low  shunts  employed,  otherwise  the 
deflections  obtained  would  be  beyond  the  range  of  the  scale. 

Y  2 
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348.  It  will  Bometimes  be  fonnd  that  the  cable  is  traversed  by 
an  earth  current.  The  effects  of  this  may  be  eliminated  (as  first 
suggested  by  Mr.  Latimer  Clark)  by  means  of  a  compensating  battery 
of  one  or  two  large-sized  Daniell  cells,  inserted  between  the  end  of 
the  cable  and  the  galvanometer.  The  number  of  these  cells  used 
should  be  slightly  in  excess  of  that  required  to  counteract  the  earth 
current,  exact  balance  being  obtained  by  means  of  a  shunt  inserted 
between  the  terminals  of  the  battery.  To  effect  this  adjustment, 
previous  to  putting  on  the  battery  E,  we  should  connect  the  gal- 
vanometer to  earth,  and  then  adjust  the  compensating  battery  shunt 
until  no  deflection  is  obtained.  This  being  done,  the  battery  £  is 
connected  up  and  the  test  made  as  if  no  earth  current  existed. 

It  will  seldom  be  found  that  a  larger  compensating  battery  than 
one  or  two  cells  is  required  to  produce  a  balance,  and  if  these  be  of  a 
large  size  their  internal  resistance  may  practically  be  ignored. 

It  is  advisable  to  make  the  current  from  the  testing  battery  flow 
in  the  same  direction  as  the  current  which  tends  to  flow  from  the 
compensating  battery  ;  thus,  if  the  latter  requires  to  be  inserted  so 
that  the  zinc  pole  is  connected  to  one  terminaJ  of  G^  and  the  copper 
pole  to  the  end  A  of  the  cable,  then  the  copper  pole  of  the  testing 
battery  should  be  connected  to  the  second  terminal  of  G^  and  the 
zinc  pole  to  earth. 

Best  Conditions  for  making  the  Test. 

The  resistances  of  the  battery  E  and  galvanometers  G  and  Gj, 
should  be  as  low  as  possible. 

The  Loop  Test. 

344.  When  a  faulty  cable  is  lying  in  the  tanks  at  a  factory  so 
that  both  ends  of  it  are  at  hand,  or  when  a  submerged  cable  can  be 
looped  at  the  end  farthest  from  the  testing  station  with  either  a 
second  wire,  if  it  contains  more  than  one  wire,  or  with  a  second  cable 
which  may  be  lying  parallel  to  it,  as  is  often  the  case,  then  the 
simplest  and  most  accurate  test  for  localising  the  position  of  the 
fault  is  the  **  loop  "  test. 

This  test  is  independent  (within  certain  limits)  of  the  resistance 
of  the  fault,  thus  doing  away  with  the  necessity  of  cleaning  and 
depolarising,  as  would  be  necessary  in  the  ordinary  tests. 

There  are  two  ways  of  making  this  test  with  the  form  of  apparatus 
which  has  already  been  described. 


LOCALISATION   OF  FAULTS. 


325 


(1)  Murray's  Method. 

845.  Fig.  150  shows  the  theoretical  and  practical  arrangements 
for  this  test,  p  being  the  point  where  the  two  wires  or  cables  are 
looped  together  at  the  further  station,  and  /being  the  fault. 

Let  a;  be  the  resistance  from  C  to  the  fault,  y  the  resistance 
from  E  to  the  fault.  Then  B  C  being  plugged  up,  and  A  B  (b)  and 
E  A  (^  adjusted  until  equilibrium  is  produced, 

b  X  y  =^  d  X  X, 


•HHHh^ 


Fio.  150. 


Let  L  be  the  total  conductor  resistance  of  the  whole  loop,  then 


therefore 


a;  +  y  =  L, 
y  =  L  -  ic; 


substituting  this  value  of  y  in  the  above  equation,  we  get 

b  (L  -  x)  =  d  X  Xy 
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from  which 

a?  =  L  Y 3* 

To  obtain  L,  we  should  simply  join  up  for  the  ordinary  condactor 
resistance  test,  as  shown  by  Fig.  119  (page  288):  The  fault  in  this 
case  has  no  effect  npon  the  test,  provided  it  is  not  caused  by  the  com- 
plete fractnre  of  the  cable  ;  in  the  latter  case  the  broken  ends  become 
covered  with  salts,  which  would  make  the  resistance  appear  higher 
than  it  really  is.  When,  however,  the  fault  is  due  to  a  simple  im- 
perfection in  the  insulating  sheathing,  the  ordinary  conductor  resist- 
ance test  gives  the  correct  result. 

It  is  advisable  to  keep  a  record  of  the  conductor  resistance,  so  that 
it  can  be  ascertained  without  the  necessity  of  making  a  measurement. 

846.  In  the  practical  execution  of  this  loop  test,  the  connections 
being  made  as  shown  by  the  figure,  all  the  plugs  between  B  and  G 
must  be  inserted ;  this  is  necessary,  because  the  galvanometer  connec- 
tion is  made  on  the  terminal  B',  which  is  the  same  as  B,  instead  of 
on  to  0.  The  test  could  be  made  by  placing  the  galvanometer  on  to 
0,  but  in  that  case  we  should  lose  the  advantage  of  the  key,  which  it 
is  always  best  to  use. 

The  plugs  being  inserted  between  B  and  G,  and  the  other  plugs 
being  in  their  places,  we  should  remove,  say,  the  1000  plug  from 
between  A  and  B,  and  having  pressed  down  ^e  left-hand  key  to  put 
on  the  battery  current,  which  should  be  a  zine  (or  negative)  one,  as 
shown,  we  should  adjust  the  plugs  between  D  and  E,  pressing  down 
the  right-hand  key  as  required  untU  equilibrium  is  produced.  The 
different  resistances  being  inserted  in  the  formula,  x  is  found,  which 
being  divided  by  the  conductor  resistance  per  mile  of  the  cable,  gives 
the  position  of  the  fault. 

For  example, 

A  cable  50  miles  long,  whose  total  conductor  resistance  was  450**, 
that  is  9**  per  mile,  was  looped  with  a  second  cable  which  had  the 
same  lengdi  and  conductor  resistance  as  the  first  cable — the  resist- 
ance of  the  loop  being  450  x  2  =  900^.  The  adjusting  resistance 
in  ^  to  obtain  equilibrium  was  4000*,  b  being  1000**,  then 

1000 


'  -  »«  (.oooT^oo)  -  ■«« 


Dividing  this  by  the  conductor  resistance  per  mile,  which  is  9' 
we  get  the  distance  of  fault  from  testing  station  =  ip  =  20  miles. 
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In  making  a  test  of  this  kind  it  is  advisable  to  use  as  high  resist- 
ances as  possible  in  b  and  d^  because  the  greater  these  resistances  the 
greater  will  be  the  range  of  adjustment. 

347.  The  best  galvanometer  to  employ  would  be  one  whose 
resistance  does  not  exceed  10  times  the  joint  resistance  of  the 
resistances  on  either  side  of  it.*  In  practice,  the  resistance  b  and  d 
would  always  be  greater  than  the  resistance  of  the  looped  cables,  and 
the  joint  resistance  of  the  two  resistances  would  consequently  never 
be  more  than  one-half  the  resistance  of  the  looped  cables ;  if,  there- 
fore, we  use  a  galvanometer  with  a  resistance  not  more  than,  say, 
5  times  the  resistance  of  the  looped  cables,  we  may  be  sure  that  the 
conditions  are  very  favourable  for  making  an  accurate  test. 

The  value  which  d  should  have  depends  upon  the  value  given  to 
b,  and  since  the  range  of  adjustment  is  large  in  proportion  as  (^  is 
large,  therefore  for  this  reason  it  is  advantageous  to  make  b  as  large 
as  possible ;  but  it  is  not  advisable  to  make  it  higher  than  is  requisite 
to  obtain  what  may  be  considered  to  be  a  sufficient  range  of  adjust- 
ment, for  by  making  b  and  d  large  the  current  which  passes  out  of 
the  battery  becomes  diminished,  and  consequently  the.  effect  on  the 
galvanometer  will  also  be  diminished.  This  can  of  course  be  com- 
})en8ated  for  by  adding  extra  cells,  but  as  the  number  of  the  latter 
may  have  to  be  inconveniently  large,  it  is  as  well  to  avoid  doing 
so,  otherwise  there  is  no  limit  to  the  values  which  may  be  given 
to  b  and  d. 

It  is  possible  to  avoid  making  b  and  d  high,  by  making  the  latter 
resistance  adjustable  to  a  fraction  of  a  unit. 

If  the  fault  has  a  very  large  resistance  the  employment  of  high 
battery  power  is  inevitable,  as  this  high  resistance  is  directly  in 
circuit  with  the  battery.  In  such  a  case,  however,  we  may  make  b 
and  d  as  high  as  we  like,  for,  inasmuch  as  the  current  flowing  out  of 
the  battery  depends  upon  the  total  resistance  in  its  circuit,  the  result 
of  making  b  and  d  high  is  to  add  but  very  little  to  the  totai  resistance, 
unless  indeed  b  and  d  are  excessive,  which  in  practice  can  hardly 
be  the  case. 

To  sum  up,  then,  we  have 

Best  Conditions  for  making  Murray* s  Loop  Test 

348.  Make  b  as  high  as  is  necessary  to  obtain  the  required  range 
of  adjustment  m  d\  \i  b  and  d  would  in  this  case  require  to  be 
excessive  compared  with  the  resistance  of  the  loop,  d  must  be  adjust- 
able to  a  fraction  of  a  unit. 

*  See  Chapter  XXV. 
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Employ  a  galvanometer  whose  resistance  is  not  more  than  about 
five  times  the  resistance  of  the  looped  cables. 

Employ  sufficient  battery  power  to  obtain  a  perceptible  deflection 
of  the  galvanometer  needle  when  ^  is  1  unit,  or  a  fraction  of  a  unit, 
out  of  exact  adjustment. 


(2)  Vaeley*s  Method. 

849.  The  arrangements  for  this  test  are  shown  theoretically  and 
practically  by  Fig.  151.  ' 

c 


julaA 


^i* -^- 


ifijil^K^^ 


Fio.  151. 


The  resistances  B  C  (a)  and  A  B  {h)  are  fixed,  and  E  A  (^  is 
adjusted  untQ  equilibrium  is  produced.  Then,  x  and  y  being  the 
resistances  of  the  fault  from  E  and  G  respectively, 


a  ((?  +  «)  =  *  y, 

and 

y  =  L  -  «; 

therefore 

a{d-\-x)  =\h(JiA  -  x\ 
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from  which 


X  = 


li  b  =  a,  then 


bh  '-  ad 
~b  +  a 

h-d 


X  = 


2 
For  example. 

The  two  cables  being  of  the  same  length  and  conductor  resistance 
as  in  the  last  example,  and  b  being  equal  to  a,  eqnilibrium  was 
obtained  by  making  d  =  600. ;  then 

^       900  -  600      ,-^« 
X  = =  150  . 

2 

850.  It  is  necessary  that  the  faulty  one  of  the  two  looped  cables 
be  attached  to  E,  or  else  it  would  be  impossible  to  obtain  equilibrium. 
If  we  were  testing  a  looped  cable,  and  after  having  joined  it  up  we 
found  that  we  could  not  obtain  equilibrium,  we  may  be  sure  that  the 
fault  lies  between  C  andjp.  The  cable  must  then  be  reversed,  and  a 
fresh  test  made. 

851.  The  conditions  for  making  this  test  with  accuracy  are 
not  quite  so  simple  as  they  were  in  Murray's  test.  In  the  present  case 
the  method  is  very  similar  to  that  employed  in  making  an  ordinary 
bridge  test,  for  the  resistance  d  +  x  takes  the  place  of  the  resistance^ 
in  the  latter  test,  and  if  we  determine  the  best  conditions  for  finding 
x  we  practically  determine  the  best  conditions  for  finding  y,  as  the 
test  is  made  in  the  same  manner  for  determining  either  quantity. 

It  is,  however,  always  best  to  have  the  relative  positions  of  the 
battery  and  galvanometer  as  indicated  in  the  figure.  For  if  these 
were  reversed  the  galvanometer  would  be  affected  by  any  earth  or 
polarisation  currents  which  might  enter  at  the  fault,  and  this  would 
render  adjustment  difficult.    We  have,  then, 

Best  Conditions  for  making  VarUy^s  Loop  Test. 

352.  Make  a  as  low  as  possible,  but  not  lower  than    -i- — . 

^  9  +  x 

Make  b  of  such  a  high  value  that  when  ^  is  1  unit  out  from  exact 
adjustment  a  perceptible  movement  of  the  galvanometer  needle  is 
produced. 

A  rough  test  would  first  have  to  be  made  to  ascertain  approxi- 
mately the  values  of  x  and  y,  and  then  if  necessary  the  resistanoes 
must  be  readjusted  so  that  the  above  conditions  are  satisfied,  and 
then  exact  adjustment  of  E  A  be  made. 
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* 

Best  Omeral  Conditwns  far  making  the  Loop  Test. 

:^53.  Although  the  loop  test  avoids  errors  due  to  earth  currents  it 
does  not  avoid  errors  due  to  cable  currents,  that  is  to  say,  currents  set 
up  by  chemical  action  at  the  fault  itself ;  this  action  causes  a  current 
to  flow  in  opposite  directions  through  the  branches  of  the  cable  on 
either  side  of  the  fault,  in  other  words  it  causes  a  current  to  circulate 
in  the  loop.  This  current  although  comparatively  weak  yet  is  suffi- 
cient to  cause  errors  which  it  is  advisable  to  avoid  if  possible.  Mr.  A. 
Jamieson  states  that  by  balancing  to  a  '*  false  zero  "  (page  290)  the 
above  cause  of  error  may  be  eliminated  and  a  very  considerable 
increase  in  the  accuracy  of  the  test  be  obtained. 

Correction  for  the  Loop  Test 

854.  It  sometimes  happens  that  the  resistance  of  the  fault  in  a 
cable  approaches  the  normal  insulation  resistance  of  the  latter ;  then 
the  position  of  the  fault  indicated  by  the  loop  test  will  not  be  its  true 
position.  The  reason  is,  that  the  current  flowing  in  a  faulty  cable 
has  two  paths  open  to  it :  one  through  the  fault  and  the  other 
through  the  whole  of  the  insulating  sheathing.  The  cable,  in  fact, 
possesses  two  faults :  the  actual  fault,  and  the  fault  due  to  the  con- 
ducting power  of  the  insulating  sheathing.  This  second  or  restdt- 
ant  fault,  as  it  is  called,  in  a  homogeneous  cable  is  equivalent  to  a 
fault  in  the  centre  of  the  cable,  of  a  resistance  equal  to  the  insulation 
resistance  of  the  cable  itself  when  in  good  condition.  If  the  cable  is 
not  homogeneous  throughout,  this  resultant  fault  will  lie  away  from 
the  centre.  Its  position  can  be  found,  however,  by  the  ordinary  loop 
test  when  the  cable  is  sound. 

We  have  then  to  determine  the  true  position  of  the  fault  when 
the  position  and  resistance  of  the  resultant  fault,  the  insulation  resist- 
ance of  the  cable  when  imperfect,  and  the  position  of  the  fault  indi- 
cated by  the  ordinary  loop  test,  are  known.  The  following  shows  how 
this  may  be  done  approximately. 


£ 


.. .j^ 

— oc— ^ 


:i      1^.         ^ 


Fio.  152. 


In  Fig.  152  let  A  B  be  the  cable  joined  up  for  the  loop  test, 
/  being  the  actual  fault,  i  the  resultant  fault,  and  /^  the  apparent 
position  of  the  fault  given  by  the  loop  test. 
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Let  P  equal  the  resistance  of  i,  that  is,  the  insulation  resistance 
of  the  cable  when  perfect ;  also  let  I  equal  the  insulation  resist- 
ance when  the  cable  has  a  fault,  which  resistance  is  due  to  the 
joint  resistances  of  the  fault  (which  we  will  call  c)  and  the  insulation 
P;  then 

I  =  ^ ;  whence  c  = 


P  +c'         —         P-  I" 

Now  it  is  evident  that  the  position  of  /^  with  respect  to  i  and  / 
"will  depend  upon  the  relative  values  of  P  and  c  :  thus  if  P  and  c 
were  equal,  then  f^  would  lie  midway  between  i  and  /;  if  P  were 
greater  than  c^  then  /^  would  be  nearer  /;  or  again,  if  P  were  less 
than  Cy  then/i  would  be  nearer  ».  This  being  the  case  we  have  the 
proportion 

p    /distance  between  \       ^     /distance  betweenX 
^'y       /,and»        ;--'-V       /land/       )' 

Let  distance  A /i  =  jSand  Ai  =  a,  therefore  distance  «/i=  P  -a; 
ateo  let  distance/^/  =  Xy  then 

Pa;  =  c 08  -  a), 
or 


therefore 


Pa!=p?ij(B-a); 


which  gives  as  the  positioir  of  the  trae  beyond  the  apparent  fanlt. 
Or  the  distance  of  the  fanlt  from  A  will  be 

^  *  vh^  - ->  -  ^-r^  ■ 

Far  example. 

In  a  looped  cable,  whose  total  length  was  100  xmles,  and  total 
conductor  resistance  900**,  the  ordinary  loop  test  showed  the  apparent 

position  of  a  fault  which  existed  in  it  to  be  700*  from  A,  that  is, 

p  =  700. 

The  position  of  the  resultant  fault  given  by  the  loop  test  when 
die  cable  was  new  was  found  to  be  500**  from  A,  that  is, 

a  =  500. 
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The  insnlation  resistance  of  the  cable  when  new  was  3,000,000*^ 
and  when  faulty  600,000^  that  is, 

P  =  8,000,000. 
I  =     600,000. 

Where  was  the  tme  position  of  the  fault  ? 
Distance  of  fault  from  A 

^  (700  X  3,000,000)  -  (500  x  600,000)  _ 

8,000,000  -  600,000  ~  ^^^    ' 

that  is  to  say,  distance  of  fault  beyond  distance  given  by  loop  test 
was 

750  -  ^  =  750  -  700  =  50". 

Or,  supposing  the  cable  to  have  a  resistance  of  9*  per  mile,  the  true 
distance  of  the  fault  beyond  the  apparent  distance  would  be  V»  ^^ 
5f  miles. 

If  the  cable  is  homogeneous  throughout,  the  resultant  fault  will 

be  in  the  middle  of  it.  In  this  case  a  will  equal  -,  where  Lib 
the  total  length  of  the  loop. 

If  we  write  the  equation. 

Distance  of  fault  from  A  =  ^^  ^^  , 

in  the  form, 

I 

p  -  «tp 

Distance  of  fault  from  A  = »— , 

we  can  see  that  if  P  is  very  large,  then  p  -  0,  in  which  case  we  get 

Distance  of  fault  from  A  =  )3, 

as  in  the  ordinary  loop  test. 

855.  To  make  the  foregoing  test  satisfactorily,  it  is  necessary  to 
know  the  insulation  resistances  of  the  cable  when  good  and  also 
when  faulty,  at  the  moment  when  equilibrium  is  obtained.  Now, 
as  will  be  shown  in  Chapter  XY.,  the  insulation  resistance  (P)  of  a 
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sound  cable  alters  in  proportion  to  the  time  a  current  is  kept  on  it ; 
bnt  the  rate  at  which  this  alteration  takes  place  is  definite,  and  can 
be  obtained  by  reference  to  previous  tests  of  the  cable  made  when  the 
latter  was  sound.  The  insulation  resistance  (I)  of  the  cable  when 
faulty  cannot,  however,  be  determined  by  any  reference  to  previous 
tests ;  some  plan  of  enabling  it  to  be  measured  accurately  is  therefore 
necessary. 

A  method  suggested  by  the  late  Mr.  S.  E.  Phillips  enables  this 
to  be  done  in  a  very  satisfactory  manner.  The  whole  of  the  testing 
apparatus  is  carefully  insulated  by  being  placed  on  a  sheet  of  ebonite, 
or  on  insulated  supports ;  the  experimenter  also  stands  on  an 
insulated  stand  or  a  sheet  of  ebonite.  The  battery  for  making  the 
loop  test,  instead  of  being  connected  directly  to  the  terminal  of 
the  resistance  coils,  is  connected  thereto  through  the  medium  of 
a  second  galvanometer.  By  noting  the  deflection  on  the  latter  at  the 
moment  equilibrium  is  obtained  on  the  first  galvanometer,  and 
comparing  it  afterwards  with  the  defiection  obtained  through  a 
known  resistance,  we  obtain  the  value  of  I  plus  the  combined  resist- 
ance of  the  resistances  in  the  bridge,  which  quantity  will,  however, 
be  insignificant  compared  with  I,  and  need  not  be  taken  into  account. 

A  note  should  be  made  of  the  time  at  which  the  battery  is  con- 
nected to  the  instruments,  and  then,  when  the  plugs  are  adjusted, 
equilibrium  obtained,  and  the  defiection  on  the  second  galvanometer 
observed,  the  time  must  again  be  noted,  so  that  the  period  during 
which  the  battery  current  has  acted  may  be  known,  and  the  value  of 
P  correctly  obtained. 

The  method  of  determining  the  value  of  P  will  be  considered 
hereafter. 


Individual  Resistance  of  Two  Wires  by  the  Loop  Test. 

856.  The  late  Mr.  S.  E.  Phillips  pointed  out  that  the  loop  test 
may  be  made  very  useful  for  determining  the  individual  resistance  of 
two  wires,  the  leads  in  a  cable  factory  for  instance,  whose  ends  cannot 
be  got  at  to  connect  to  the  testing  apparatus. 

To  do  this,  the  further  ends  of  the  leads  would  be  joined  together, 
and  the  junction  put  to  earth.  It  is  evident,  then,  that  the  loop  test 
applied  to  the  wires  would  give  the  resistance  of  either  of  them  to 
their  junction. 

(For  other  methods  of  localising  faults,  see  Chapters  XYII., 
XXIIL,  and  XXIV.) 
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CHAPTEE  X. 

KEYS,  SWITCHES,  CONDENSERS,  AND  BATTERIES. 

Shobt-cieouit  Ebts. 

857.  AlthoUQH  the  BhortH3ircait  plug-hole  is  convenient  to  avoid 
BOcidental  correutB  being  sent  througli  the  galvanometer  when  the 
varionB  reeistance  coils,  batteriea,  etc.,  are  being  joined  up  for  matdng 
a  measarement,  yet  a  key  which  in  its  normal  condition  short-circoits 
tihe  galvanometer,  is  eztremelj  asefnl. 

Such  a  key  is  rei^esented  by  Fig.  153.  In  its  nonnal  condition 
the  Bpring  reste  ^[ainst  a  plaUsam  contact,  and,  when  pressed  down, 
against  one  of  ebonite. 

The  two  terminals  of  the  shunt  are  connected  to  the  tenninals  of 
the  key ;  these  terminalB  in  this  and  most  keys  are  double,  so  as  to 
enable  the  wires  leading  to  the  resistance  coils,  batteries,  ete.,  to  be 
conveniently  connected  to  diem. 


=i 


Fio.  15S.  Fio.  154. 

If  it  is  required  to  keep  the  key  pressed  down  for  a  lengthened 
period,  a  small  piece  of  sheet  ebonite  or  gutta-percha  can  be  sUimed 
in  between  die  contacts,  so  as  to  prevent  their  making  connection 
when  the  finger  is  taken  off  the  key.  Some  keys  of  this  kind  are 
provided  with  a  catch  (Fig.  154),  wlUch  keeps  the  spring  down  when 
it  is  depressed. 

358.  An  excellent  fonn  of  short-circuit  key  designed  by  Mr. 
J.  Rymer  Jones,  and  manufactured  by  the  India  Rubber  Co.,  Silver- 
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town,  is  shown  bj  Figs.  155,  156  and  157.  Whilst  retaining  the 
important  principle  of  the  "tapper,"  this  key  has  the  advantage  of  a 
broad  and  firm  robbing  contact  for  checking  the  instniment  zero. 
Being  always  kept  clean  by  friction,  it  effectually  sbort-ciicnits  the 
galvanometer,  and  prevents  the  deviation  not  infrequently  noticeable 


with  the  ordinary  short-circuit  key  having  only  small  pladnnm 
contact  stnds  pressed  together  by  a  not  very  strong  spring,  and, 
therefore  re<]niring  frequent  cleaning  to  reduce  contact  resistance. 
One  of  the  nibbing  contact  surfaces  being  of  gold  and  the  other  of 
platinum,  there  is  no  disagreeable  "  tearing  "  action. 


m 


In  the  position  for  observing  insulation  and  eortb  readings,  no 
tri^er,  cam,  or  other  detent,  ia  employed  to  keep  the  short-drctut 
key  open ;  thus  an  important  point  for  leakage  over  the  key,  in  damp 
w^her  or  at  sea,  is  done  away  with. 
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When  QBed  ae  a  tapper,  A  (Fig.  156)  is  the  poeilion  of  the  key 
lever  I.  For  iDanlotion  or  earth  readiogs,  I  is  moved  to  position  C. 
To  check  the  zero,  I  is  raised  by  the  handle  above  r,  and  mbe  firmly 
on  c  (see  position  B,  Fig.  156). 

Perfect  metallic  connection  between  lever  I  and  its  terminal  is 
secured  by  a  spiral  wire  y,  and  also  by  the  mbbing  contact  between 
the  springs  and  the  vertical  pin  n ;  this  permits  the  lever  bearing, 
well  Inbricated,  to  move  quite  freely. 

The  advantage  of  the  short-circuit  key  over  the  short-circuit 
pli^  may  not  seem  obvions,  bnt  actual  practice  quickly  shows  its 
value. 

RBVBB8i»a  Eetb. 

359.  Besides  the  short-circuit  key,  a  Bemrsin^  Key  is  usually 
inserted  in  the  galvanometer  circuit,  so  that  the  deflections  of  the 
needle  may  always  be  obtained  on  the  same  side  of  the  scale. 

A  form  of  reversing  key  very  conmionly  used  is  shown  in  eleva- 
tion and  plan  by  Figs.  158  and  159,  and  in  general  view  by  Fig.  160. 


The  galvanometer  terminals  would  Iw  connected  to  t)ie  two  end 
terminals  of  the  reversing  key,  or,  if  the  short-circuit  key  is  inserted, 
to  the  terminalB  of  the  latter.  By  pressing  down  one  or  other  of  the 
springs,  the  current  will  pass  through  the  galvanometer  in  one  direc- 
tion or  the  other.  The  two  handles  on  either  side  of  the  two  springs 
are  for  the  purpose  of  clamping  either  of  the  latter  down  when  re- 
quired. 

Particular  care  should  be  taken,  when  procuring  the  key,  to  see 
that  the  terminals,  etc.,  are  not  fixed  on  the  top  of  the  ebonite  pillars 
by  means  of  bolts  running  right  through  them,  as  in  such  a  case  the 
advantage  of  the  pillars  is  entirely  lost,  and  the  terminals  might  just 
AS  well  be  screwed  direct  into  the  base-board. 
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Care  should  also  be  taken  tbat  the  contacts  of  the  keys  are  clean, 
for  vhen  there  are  several  contacts  considerable  resistance  might  be 
introdnced  into  the  circuit  from  their  being  dirt;. 

860.  It  is  sometimes  found  in  the  foregoing  form  of  reversing  key 
that  the  springs  fail  to  make  the  necessary  contact  when  clamped, 
oiring  to  the  loosening  or  wear  of  the 
cam  employed  to  hold  them  down. 
I'eiri  Patent  Self-locking  Key,  which 
is  shown  by  Fig.  161,  and  which  was 
designed  by  Mr.  B.  Fell,  of  the  firm 
of   Messrs   Johnson   and    Fhillips, 
entirely  overcomes  this  difficulty,  by 
dispensing  with  the  cam  altogether, 
and  introducing  a,  spring  latch  which, 
when  the  key  is  depressed,  automa- 
tically catches  and  holds  it  with  cei^  *^  '™ 
tainty  in  position  until  it  is  released, 

the  movement,  either  in  depressing  the  keylor  in  releasing  it'  being 
effected,with  one  hand.  Each  latch  is  released  by  pressing  the  corre- 
sponding ebonite  knob  on  the  insulatii^  pillar,  as  shown  in  the  figure. 


The  other  advantages  of  this  key  over  the  old  form,  althoi^h  not 
of  BO  much  importance,  will  be  appreciated  by  all  who  take  a  pride 
ia  the  appearance  of  the  apparatus.  The  absence  of  the  cams  and 
their  supporting  pillars,  besides  improving  the  insulation,  and  allow- 
ing  of  the  key  being  more  easily  cleaned,  makes  it  look  neater,  and 
prevents  the  lacquered  enrface  of  the  brasswork  being  disfigured,  as 
is  invariably  and  nnavoidably  the  case  when  the  cam  is  used. 
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A  SkoTt-drcuUing  Keg  is  also  made  on  the  same  principle,  the 
spring  in  this  case  being  somewhat  stronger  to  prevent  nnint^tjonal 
locking  when  the  key  is  only  gently  tapped  by  Uie  finger. 

861.  Fig.  162  shows  an  excellent  modification  of  the  forgoing 


reversing  keys,  manufactured  by   R,  W.  Paul,     This  key  is  one 
of  a  series  nuide  up  from  standardised  parts,  a  novel  and  distinctly 


nsefol  feature.  The  arrangement  may  also  be  used  as  two  tapper 
keys,  two  short  circuit  keys,  or  two  charge  and  dischaige  keys,  llieae 
are  also  made  up  in  single  units  consisting  of  only  one  side  of  t^e 
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key  as  shown.  This  forms  a  tapper  key,  slioit  drcnit  key,  charge  and 
discharge  key,  or  two-way  key.  A  speciality  of  these  keys  is  that  a 
tabbing  contact  is  secured  by  fixing  one  of  the  contacts  to  a  light 
spring  which  is  slightly  set  np  in  the  off  podtion. 

S62.  The  forgoing  forms  of  reversing  keys,  although  in  very 
general  nse,  and  in  many  respects  qnite  sal^actory,  require  the  con- 
tacts to  be  frequently  looked  to  and  kept  clean, 
otherwise  they  fail  to  make  proper  connection  and 
cause  considerable  tronble.  To  obviate  these  de- 
fects the  forms  of  keys  shown  by  Figs.  163  and 
166  have  been  designed  j  the  former  by  Mr.  J. 
Bymer  Jones,  and  the  latter  by  Dr.  Mnirh^.  The 
great  advantage  of  tJiese  keys  lies  in  the  fact  that 
all  the  contacts  are  made  by  rubbing,  thiM  ensuring 
great  certainty  of  action,  a  point  of  considerable 
importance  in  some  tests. 

Fig.  164  shows  the  key  (Fig.  163)  connected  np 
as  a  battery  reverser ;  as  a  galvanometer  reveraer, 
the  galvanometer  takes  the  place  of  the  battery.  Fia.  l 

The  dotted  lines  show  the  normal  positions  of  the 
handles : — 

Both  handles  to  left  gives  +  to  line  and  -  to  earth. 
„  „       right  gives  -  to  line  and  +  to  earth. 


Contact  piece  "  o"  is  made  with  a  slot,  so  that  when  its  clamping 
screw  is  slackened  it  can  be  withdrawn  out  of  reach  of  the  contact 
arms  ;  the  key  may  then  be  used  as  a  discharge  key  (page  Sii),  or  as  a 
two-way  switch  if  desured. 

z  2 
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RBVERsrae  Switches. 

363.  In  addition  to  the  reTeraiag  kej  for  the  galvanometer,  a 
Reversing  Switch  for  the  testing  battery  is  very  usefol :  it  need  not, 
however,  be  snch  an  elaborate  one  as  that  uaed  for  the  galvanometer. 

Figs.  166  and  167  represent  snch  a  switch.  It  consista  of  four 
brass  tegmenta  screwed  finn]y  down  to  an  ebonite  base.  Each  seg- 
ment is  provided  with  a  screw,  to  which  to  attach  the  testing  wires. 


In  some  cases  each  segment  is  sapported  on  an  ebonite  pillar, 
which  considerably  improves  the  iDsnlation,  an  absolute  oectadty  for 
some  tests. 

The  poles  of  the  battery  are  attached  to  two  opposite  terminal 
screws,  say  A  and  A',  and  the  leading  wires  to  the  two  other  screws, 
B  and  B'. 

To  make  the  current  flow  in  one  direction,  the  pings  would  be 
placed  between  the  s^ments  A  and  B,  and  A'  and  B',  and  to  make  it 
flow  in  the  opposite  towttion,  between  the  s^ments  A  and  B'  and  A' 
and  B.  If  one  or  both  the  plugs  are  removed  the  battery  current 
will  be  cut  off  altogether.  It  is  always  best,  in  order  to  do  this,  to 
remove  both  the  plugs  in  preference  to  one  only,  for  if  the  battery  is 
not  well  insulated  a  portion  of  the  current  may  still  be  able  to  flow 
out  of  the  battery  and  disturb  the  accuracy  of  a  test. 

Two  other  pieces  of  apparatus  are  necessary  to  form  a  very  com* 
plete  set,  viz.  a  "  Coudeoser "  and  a  "  Discharge  key." 

CONDR6faBE8. 

364.  A  Condenser  is  merely  a  Leyden  jar  exposing  a  lai^  sorface 
within  a  small  space  ;  tht^e  constructed  of  a  standard  value  for  test- 
ing purposes  are  made  of  sheets  of  tin-foil  placed  in  layers  between 
thin  sheets  of  mica  coated  either  with  shellac  or  with  shellac  and 
paraffin  was.    The  alternate  layera  of  tin-foil  are  connected  togetlier, 
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BO  that  BetB  are  formed  corresponding  to  the  ouWde  and  inaide 
coatingB  of  a  Leyden  jar. 

A  7ei7  convenient  and  usnal  form  of  standard  condenser  is  Bhown 
by  Fig.  168.  In  this  pattern  the  layers  of  tin-foil  and  mica  are 
placed  in  a  ronnd  brass  box  with  an  ebonite  top,  on  which  are  fixed 
the  connecting  terminala.     These  terminals  are  placed  on  brass  blocks, 


Fio.  168. 


bhe  ends  of  which  are  in  close  proximity  to  one  another,  so  that  a  plug 
can  be  inserted  between  them  for  die  purpose  of  enabling  the  apparatus 
to  be  short-circnited.  This  should  always  be  done  when  the  condenser 
8  not  in  oae,  so  that  any  residoal  charge  which  may  remain  in  it  may 
be  entirely  dissipated. 


A    4 


F^.  169  shows  an  improved  form  of  standard  condenser  as 
arranged  by  Dr.  Muirhesd.  In  this  pattern  the  capacity  is  divided 
into  two  halves,  which  can  be  separated  by  withdrawing  the  plug  at 
6 ;  each  half  can  then  be  tested  one  against  the  other,  and  if  the 
rdative  values  of  the  two  are  found  to  I^ve  remained  unaltered,  it  is 
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presnmptiTe  evidence  that  the  total  of  the  whole  condenser  has  not 
duo^ed. 

These  condensers  have  nenally  a  fixed  "  electrostatic  capacity  " 
equal  to  ^  microfarad,  the  "  farad  "  being  the  unit  of  electrostatic 
capadtj.    They  are  aJso  made,  however,  so  that  several  capocittefl 


Fio.  170. 


can  be  obtained,',bj  inserting  plugs  in  different  holes.  Those  having 
five  different  capacities  (Fig.  170),  via.  *05,  'Ofi,  *2,  '2,  and  '5 
microfarads,  enable  anj  value  from  *  05  to  1  to  be  obtained  by 
inserting  one  or  more  pings.     It  is  often  Qsefid  to  be  able  to  vary  the 


capacity,  so  that  it  is  better  to  have  the  latter  form  than  that  shown 
hj  Fig.  168,  althoagh  it  may  be  a  little  more  expensive. 

Fig.  171  shows  another  form  of  a  divided  condenser  arranged  in 


KEYS,  SWITCHES,  CONDENSERS,  AND  BATTERIES.  343 

365.  A  good  condenser  should  not  lose,  through  leakage,  more 
than  1  per  cent,  of  its  charge  in  one  minute. 

366.  Condensers,  like  batteries,  can  be  combined  in  *' multiple 
arc  *'  or  in  '*  series,''  and  advantage  may  often  be  taken  of  this  power 
of  combination  to  obtain  a  large  number  of  capacities  from  a  small 
number  of  condensers. 

When  condensers  are  connected  together  in  '*  multiple  arc,"  the 
capacity  of  the  combination  will  be  equal  to  the  sum  of  the  respective 
capacities  of  the  several  condensers.  Thus,  if  we  call  F^,  T^  F3, 
etc.,  these  capacities,  then  the  capacity  of  the  combination  will  be 

Fj  +  F2  +  F3  +   .  .  .  • 

This  may  be  expressed  symbolically  thus : — 


« 


When  the  combination  is  made  in  '*  series  "  (corresponding  to  the 
cascade"  arrangement  of  Leyden  jars),  the  joint  capacity  of  the 
series  follows  the  law  of  the  joint  resistance  of  parallel  circuits,* 
thus: — 

1 

This  may  be  symbolically  expressed  thus : — 
Fj  -  F,  -  F3 


0    »    •    v 


By  following  out  these  laws,  if  we  had  two  condensers,  F^  and  Fg, 
we  could  obtain  four  different  capacities,  viz.  F^,  Fg,  F^  +  Fg,  and 

Fj  +  F/ 

With  three  condensers  we  could  obtain  no  less  than  seventeen 
different  capacities,  viz.  F^  Fj,  F3,  F^  +  Fg,  Fj  +  F3,  Fg  +  P3, 

*i  +  *2  +  *8.    Fi  +  Fg'     fV^lV     VTFj'     ''^^Fg  +  Fj' 

*  See  Chapter  XXYU. 
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(Fi  +  F,)  X  F 


^8  + 


AA. 


(F,  +  F^)  X  Fg    (F,  +  F,)  X  F. 
Fj  +  F^  +  Fj  '    F,  +  Fj  +  F,  ' 


Any  of  these  oombinatioM  may  be  eipresaed  Bymbolically  in  the 
manner  before  shown,  thus,  for  example,  to  take  the  Pj  +  p  ^  |,- 

combination,  this  would  be  shown  thos : — 


DlSCHASaE   KSTS. 

367.  To  enable  the  discharge  from  the  condenser  to  be  read  on 
a  galvanometer  a  discharge  key  is  necessary.  This,  like  the  other 
piecee  of  apparatus,  is  made  in  a  variety  of  forms. 

W»bb^g  Dwchargs  Key. 

368.  Pig.  172  shows  a  pattern  (designed  by  the  late  Mr.  F.  C. 
Webb)  which  is  in  very  general  use. 

It  consists,  primarily,  of  a  hinged  lever  of  solid  make,  pressed 
upwards  by  a  spring  and  playing  between  two  contacte.    A  vertical 
ebonite  lever,  hinged  at  its  lower  end,  is  fixed  to  the  base  of  tbe 
instmment  in  the  position  shown. 
This  lever  has  near  its  upper  end 
a  projecting  brass  tongue,  which, 
when  the  lever  is  pressed  forward 
(by  means  of  a  spring),  hitches 
over  the  extremity  of  the  brass 
lever.    The  end  of  the  latter  is 
cat  away  so  as  to  form  two  steps ; 
I  when  the  brass  tongne  on  the 
vertical  ebonite  lever  is  hitched 
over  the  lower  step  then  the  brass 
'™'  '"'  lever  stands  intermediate  between 

the  top  and  bottom  contacts  and 
is  insulated  from  both  of  them,  but  when  the  tongne  is  hitched 
over  the  top  step  then  the  brass  lever  is  in  connection  with  the 
lower  contact.    Again,  when  the  ebonite  lever  is  drawn  back,  the 
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brass  lever  is  freed  and  springs  up  against  the  top  contact.  If 
we  suppose  the  brass  lever  to  be  hitched  down  on  the  lower  contact, 
then  by  pulling  back  the  ebonite  lever  a  short  distance,  the  brass 
tongue  unhitches  from  the  top  step  and  hitches  on  the  lower  one,  thus 
allowing  the  brass  lever  to  spring  up  from  the  lower  contact,  but 
not  to  come  in  connection  with  the  upper  one ;  if,  however  (as  before 
explained),  the  ebonite  lever  be  pulled  completely  back,  then  the  brass 
lever  rises  in  connection  with  the  top  contact. 

369.  When  using  this  discharge  key  for  the  purpose  of  measuring 
the  charge  in  a  condenser,  the  connections  to  the  galvanometer,  etc., 
are  made  as  shown  by  Fig.  173.    On  pressing  down  the  key  Eg  the 


Fig.  173. 


two  poles  of  the  battery  are  put  in  connection  with  the  two  terminals 
A  and  B  of  the  condenser  C,  and  on  releasing  the  key  so  that  it 
comes  in  contact  with  the  top  contact,  the  two  terminals  of  the 
condenser  are  put  in  connection  with  the  two  terminals  of  the 
galvanometer,  which  thus  receives  the  discharge  current  through  it. 

If  we  so  arranged  the  connections  that  the  top  contact  of  the 
key,  instead  of  being  joined  to  the  condenser  through  the  galvano- 
meter were  connected  directly  to  it,  and  the  galvanometer  were  placed 
between  the  back  terminal  of  the  key  and  the  second  terminal  of  the 
condenser,  then  on  pressing  down  the  discharge  key  we  get  the 
current  charging  the  condenser  through  the  galvanometer,  whose 
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needle  will  be  deflected  to  one  side  of  the  zero  point ;  and  then,  on 
releasing  the  key,  we  get  the  discharge  deflection,  which  will  be  of  the 
same  strength  as  the  chaise  deflection,  bnt  in  the  opposite  direction 
to  it.  The  first  arrangement,  shown  in  the  fignre  is,  however,  the  one 
generally  employed. 

The  discharge  deflection  on  the  galvanometer  is  only  momentary, 
the  needle  or  spot  of  light  immediately  returning  towards  zero. 

370.  In  using  the  Kelvin  galvanometer  (which  is  practically  the 
only  general  type  of  instrument  of  any  use  for  the  purpose)  for 
measuring  the  discharge,  the  adjusting  magnet  must  be  put  high  np 
if  it  is  placed  with  its  poles  assisting  the  earth's  magnetism,  or  low 
•down  if  opposed  to  it,  so  as  to  make  the  needle  swing  slowly  enough 
to  enable  the  deflection  to  be  read  on  the  scale.  It  is  best  to  avoid 
making  the  needle  swing  very  slowly,  for  then  the  spot  of  light 
will  probably  not  return  accurately  to  zero,  but  may  be  three  or 
four  divisions  out.  A  little  practice  will  enable  a  comparatively 
•quick  swing  to  be  read  to  half  a  division,  or  even  less. 

871.  If  a  resistance  of  250,000**  (more  or  less,  according  to  circum- 
stances) be  introduced  into  the  galvanometer  circuit,  the  dischai^ 
from  the  condenser  becomes  so  retarded  that  the  swing  of  the  galvano- 
meter needle,  instead  of  being  due  to  a  sudden  impulse,  is  caused  by 
a  continued  but  rapidly  decreasing  current ;  this  causes  the  needle  to 
swing  with  a  slow  movement,  although  the  instrument  is  adjusted, 
as  regards  the  controlling  magnet,  to  normally  swing  with  a  compara- 
tively rapid  rate  of  vibration ;  such  a  slow  swing  greatly  fadlitates 
ease  of  obsen^ation.  Unless,  however,  the  insulation  of  the  condenser 
or  cable  being  measured  is  very  high,  the  arrangement  does  not  give 
satisfactory  or  reliable  results,  since  the  discharge,  instead  of  wholly 
going  through  the  galvanometer,  is  partly  lost  by  leakage  through 
the  low  insulation  resistance. 


Kempe's  Discharge  Key. 

872.  A  form  of  discharge  key  designed  by  the  author  is  shown  in 
plan  and  elevation  by  Figs.  174  and  175,  and  in  general  view  by 
Fig.  176. 

It  consists,  like  Fig.  172  (page  844),  of  a  solid  lever,  hinged  at 
one  end,  and  playing  between  two  contacts  attached  to  two  terminals. 
Two  finger  triggers,  near  the  other  end  of  the  lever  marked  "  Dis- 
charge "  and  "  Insulate,"  are  connected  to  two  ebonite  hooks.  The 
hook  attached  to  the  finger  trigger  marked  "  Discharge "  is  a  little 
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higher  than  the  other  hook,  bo  that  the  lever  Btanda  intermediate 
between  the  two  contacts  when  it  is  hitched  againet  it.  When 
the  lever  is  pressed  down  against  the  bottom  contact,  the  shorter 
of  the  hooks  hitches  it  down.  If  in  this  position  we  depress  the 
■"  Insulate "  trigger,  the  lever  is  freed  from  its  hook,  and  springs 


up  against  the  second  hook,  thus  insulating  the  lever  from  either  of 
the  contacts.  The  "  Discharge "  trigger  now  being  pressed  down, 
the  lever  springs  np  against  the  top  contact. 

To  the  hook  of  the  "  Dischai^e  "  trigger  a  small  piece  of  metal 
is  fixed  which  is  broad  enoi^h  to  come  in  front  of  the  second 
hook,  BO  that  if  the  "  Diechai^e "  trigger  is  depressed  first  it  draws 


hack  both  the  hooks,  so  that  should  the  lever  at  starting  be 
hit«hed  to  the  bottom  contact,  it  will  at  once  sprii^  np  to  the'top 
contact.  If,  however,  the  "  Insulate "  trigger  be  depressed,  only 
the  hook  attached  to  that  trigger  is  drawn  back,  allowing  the  lever  to 
spring  up  against  the  second  hook  and  be  thereby  insulated,  as  at  first 
explained. 


348  HANDBOOK   OF  £LECTB(CA.L  TESTING. 

Lamberfs  Diachargt  Key. 

S73.  The  arrangement  of  dischai^e  key  designed  by  Mr.  Lambert, 
and  shown  bj  Fig.  l77,i8averygood  one,  and  posBeeeea  the  advantage 
that  the  prmcipal  terminal  is  highly  imolated  when  the  key  is  in  ito 
nonnal  condition,  a  point  of  importance  in  some  tests.  The  two 
tenninalB  seen  at  the  front  part  of  the  key  correepond  to  the  top  uid 
bottom  contacts  of  the  keys  previooBly  described.    The  ends  of  two 


Fig.  177, 


spring  levers,  provided  with  ebonite  finger-knobs,  are  set  over  these 
contacts ;  the  other  ends  of  the  springe  are  fixed  to  a  brass  cnes-piece 
provided  with  a  tenninal,  the  cross-piece  being  secured  to  an  ebonite 
bracket  fixedat  the  end  of  a  stoat  ebonite  rod.  By  this  arrangement 
the  terminal  connected  to  the  spring  levers  is  insalated  by  the  long 
ebonite  rod  as  well  as  by  the  ebonite  bracket  by  which  the  rod  is 


snpported  on  the  stand.  In  manipulating  the  key,  the  left-hand 
lever,  say,  ia  first  depressed,  thus  patting  the  back  terminal  in  con- 
nection with  the  contact  (corresponding  to  the  bottom  contact  of  the 
oUier  forms  of  keys)  beneath  it.  The  lever  is  then  released,  and  Uie 
right-hand  lever  depressed,  thos  putting  the  back  terminal  in  ootmec- 
tion  with  the  contact  (corresponding  to  the  top  contact  of  the  other 
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keys)  beneotlL  it  The  only  objection  to  this  form  of  key  is  the  fact 
that  it  is  posible  to  press  both  levers  down  at  once,  thns  oonnecting 
tog^er  the  bock  and  tbe  two  front  tenuinals ;  if  this  is  done 
accidentally,  then,  as  will  be  seen  by  reference  to  Fig.  173  (page  845), 
a  direct  ciicoit  is  fonned  by  the  battery  thiongh  the  galvanometer, 
which  may  resnlt  in  the  sensibility  of  the  latter  being  altered  through 
the  violence  of  the  deflection.  Snch  an  accident  obvioosly  cannot 
ponibly  oconr  in  the  other  forms  of  keys. 

The  Lamb^  key  is  often  provided  with  cams  similar  to  those 
shown  in  Figs.  158, 159  and  160  (pp.  S36,  337),  so  that  the  spring 
tevera  can  be  clamped  down  if  desired.  This  latter  pattern  is  ^own 
by  Fig.  178. 


Burner  Jokm's  Digcharge  Key. 

S74.  A  very  excellent  form  of  discharge  key  is  that  devised  by 
Mr.  J.  Bymer  Jones,  and  is  mannfactnred  by  the  India  Rubber, 
Ontta  Percha,  and  Telegraph  Works  Company  of  Silvertown.    The 
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key  is  ao  constructed  that  (like  Lambert's  key)  the  principal  tenninal 
is  left  perfectly  free  during  the  period  of  "  ingolation,'.'  as  shown  in 
Fig.  179 ;  the  leak^;e  from  this  terminal  is  therefore  confined  to  the 
ebonite  support  A  B.  The  form  of  this  support,  a  vertical  section  of 
which  is  shown  by  Fig.  180,  gives  a  very  considerable  lengUi  of 
surface  over  which  any  leakage  must  pass,  it  being  in  the  present  case 
65  inches  in  a  height  of  only  2  J  inches ; 
while,  since  the  portion  A  screws 
into  the  enter  cap  B,  the  former  may 
be  removed,  when  important  tests 
are  about  to  be  made,  and  sconred 
with  glass-paper,  so  as  to  secure 
the  advant^e  of  a  fresh  snrfaoe  with- 
out disfiguriDg  the  outer  polished 
surface. 

The  movements  for  "  Charge," 
"  Insulate,"  and  "  Discharge,"  will  be 
readily  understood  from  Fig.  179. 
I V  are  ebonite  rods ;  their  biss 
prolongations  c  e',  which  move  with 
them  as  one  piece,  are  tipped  with 
gold  on  the  under  surfaces,  where 
they  rub  against  the  platinum  contacts 
b  and  g,  the  platinum-against-^ld 
prodncing  a  smooth  action.  When 
I  is  deflected  to  the  left,  the  end  of 
the  rod  r,  attached  to  it,  presses  against 
f — should  the  latter  happen  to  be 
turned  to  that  side — and  carries  it 
over  in  the  same  direction,  first  break- 
ing contact  at  c'g,  if  previously  made,  and  afterwards  making  contact 
at  b  e.  Thus  the  "  Battery  "  and  "  Cable  "  terminals  are  connected 
tc^ether.  To  "  Insulate  "  the  "  Cable  "  terminal  it  is  only  necessary 
to  move  I  back  again  towards  the  right,  as  in  Fig.  178.  To 
"Discharge,"  press  V  towards  the  right.  Should  /  not  already  be 
over  to  the  right  (as  in  the  last  position  for  "Insulate")  it  will 
be  carried  over  with  I'  and  the  conbict  at;&  c  broken  beforec'and  ff 
come  together.  The  rod  r  in  fact  prevents  the  gal^'anometer  and 
battery  terminals  from  both  being  put  to  the  cable  terminal  at  the 
same  time. 

Fig.  180  shows  the  actual  form  in  which  the  key  is  made. 

S75.  Although  not  perhaps  absolutely  necessary,  it  is  advisable 


Langlh  of  inmtlofing  lurfaet 
62  incA« 
Fig.  180. 
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to  have  a  second  set  of  resistance  coils  (which  need  not,  however, 
be  of  the  bri^e  form)  to  act  as  an  adjustable  shunt  for  the  galvano- 
meter. 

376.  A  simple  form  of  galvanometer  to  enable  the  resistance  of  the 
Kelvin  instrument  to  be  quickly  taken,  is  also  useful.  This,  however, 
can  be  dispensed  with,  as  the  late  Mr.  S.  E.  Phillips  pointed  ont'jthat 
the  resistance  of  the  galvanometer  can  be  determined  by  the  veiy  simple 


device  of  measuring  the  resistance  of  one  of  the  shunts  (the  Jth  pre- 
feiably).  To  do  this,  the  shunts  would  have  to  be  removed  from  the 
galvanometer  and  connected  up  to  the  bridge  as  an  ordinary  resistance, 
the  galvanometer  itself  being  used  in  the  usual  manner. 

Mr.  Phillips  sn^ested  that  the  shunts  should  be  enclosed  under 
the  glass  shade,  so  as  to  ensure  thiit  they  may  have  the  same  tempera- 
tare  as  the  galvanometer  coils. 

As  it  is  preferable  to  use  a  set  of  resistance  coils  as  a  shunt,  a 
single  resistance  coil  of  the  same  wire  and  resistance  as  the  gal- 
vanometer coils  might  be  permanently  fixed  bo  the  galvanometer 
stand  under  the  glass  shade :  the  resistance  of  this,  measured  by 
the  help  of  the  galvanometer,  would  at  once  give  the  resistance  of 
the  latter.  If  such  a  device  were  adopted,  care  would  have  to 
be  taken  thai  the  coil  is  wound  double  on  its  bobbin,  for  otherwise 
it  would  affect  the  galvanometer  needle  when  traversed  by  a  current. 

377.  The  form  of  bridge  coil  most  generally  employed  with  the 
Kelvin  galvanometer  is  that  shown  by  Figs.  4  and  5  (p^e  13), 
the  keys  attached  to  the  other  form  not  being  used. 
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Batteries. 

378.  Besides  the  foregoing  ingtraments,  a  battery  having  an 
electromotive  force  of  at  least  250  volts  is  necessary.  The  form 
known  as  the  Minotto  has  been  much  used  for  testing.  It  consists 
of  an  earthenware  (or  more  frequently  of  a  gutta-percha)  jar,  about 
S  inches  high,  at  the  bottom  of  which  is  placed  a  round  plate  of 
copper,  resting  flat.  A  strip  of  copper  about  three-quarters  of  an  inch 
wide,  coated  with  gutta-percha,  is  fixed  to  this  plate,  and  brought  up 
the  side  of  the  jar.  Over  this  plate  a  layer  of  coarsely  powdered  sul- 
phate of  copper  is  placed ;  the  jar  is  then  filled  nearly  to  the  top  with 
damp  sawdust,  and  resting  on  this  is  placed  a  thick  disc  of  zinc,  pro- 
vided with  a  terminal  at  the  top.  A  series  of  these  cells  is  coupled 
up  in  the  ordinary  manner. 

The  Leclanch6  battery  is  now  very  generally  used  at  cable  factories ; 
it  has  the  advantage  of  high  electromotive  force,  and  if  care  is  taken 
that  it  does  not  become  accidentally  short-circuited  through  a  low 
resistance  it  answers  very  satisfactorily,  and  requires  but  little  atten- 
tion. The  chloride  of  silver  battery  of  Mr.  Warren  de  la  Bue  has 
also  been  used  to  some  extent  for  testing,  especially  on  board  ship,  as 
it  has  the  advantage  of  great  compactness  and  portability. 

'*  Dry  **  cells  are  now  largely  used  for  testing  purposes :  it  is  a 
mistake  to  have  them  too  small. 

The  batteries  should  be  placed  on  well-insulated  supports,  in  a  diy 
situation,  so  as  to  avoid  leakage,  which  interferes  with  their  con- 
stancy and  causes  great  trouble  when  an  insulation  test  is  being 
made. 

A  high  resistance  (of  known  value)  may  with  advantage  be  per- 
manently placed  in  circuit  with  the  battery  so  as  to  prevent  accidental 
short-circuiting  which,  if  it  takes  place,  renders  the  battery  unsteady 
for  a  time. 

379.  Besides  the  large  battery,  a  single  cell  placed  in  a  small  box, 
with  appropriate  terminals  outside,  may  be  required,  the  use  of  which 
will  be  explained. 
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CHAPTER  XI. 
MEASUREMENT  OF  POTENTIALS, 


380.  Let  E  (Pig.  182)  be  a  battery  of  which  A  and  B  are  the 
free  poles ;  then  the  free  electricities  at  those  poles  will  have  equal 
but  opposite  potentials,  and  the  difference  of  these  potentials  is 
the  electromotive  force  of   the  battery. 
Thus,  if  V  (that  is  the  line  P  A)  is  the 
potential   at  A,   then  -Y  (that  is   the 
line  B  Q)  will  be  the  potential  at  B,  and 
the  electromotive  force  E  of  the  battery 
will  be 

E  =  V  -  (-V)  =  2V. 


Fio.  182. 


Although  the  expression  *' potentials 
of  ih&free  electricities"  is,  strictly  speak- 
ing, more  correct  than  "potentials" 
simply,  yet  the  latter  is  generally  used 
as  an  abbreviation  of  the  fonner,  and  we 
shall  so  use  it  unless  the  contrary  is 
indicated. 

The  potentials  diminish  regularly  from  one  pole  of  the  battery 
to  the  other,  the  potential  at  the  middle  of  the  battery  being  zero. 

381.  If  the  two  poles  are  connected  by  a  resistance  A  C  B,  as 
in  Fig.  183  (page  354),  then  the  potentials  will  diminish  regularly 
along  A  C  B  also,  as  shown  in  the  figure,  the  potential  at  the  middle 
(F)  being  zero,  as  in  the  case  of  the  battery.  But  the  potentials  at 
A  and  B  will  be  less  than  they  were  previous  to  the  joining  of  the 
poles  by  A  C  B,  the  amount  of  the  diminution  being  dependent  upon 
the  value  of  the  resistance  A  C  B,  and  also  upon  the  value  of  the 
resistance  of  the  battery.  These  diminished  potentials  may  be 
represented  by,  say,  the  hues  ^  A  (  +  v)  and  B  g'  (  -  v,)  respectively. 

382.  If  the  two  terminals  of  a  condenser  are  connected  to  any 
two  points  in  the  resistance,  the  electromotive  force  of  the  charge 
which  the  condenser  will  take  will  be  directly  proporuonal  to  the 

2  A 
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difference  of  the  potentials,  that  is  to  the  electromotive  force,  at 
those  two  points.  Thus  if  the  condenser  were  connected  to  A  and 
B,  the  charge  it  would  take  would  have  an  electromotive  force. 

E„of 

Ej  =  V  -  (  -  v)  =  2  V. 


-i 


f 


V' 


N. 


ir^ 


\] 


Fig.  183. 


If  the  points  to  which  the  condenser  is  connect-ed  were  A  and  (\ 
the  electromotive  force,  E^,  of  the  charge  would  be 

Ea  =  v  -  r. 

Again,  if  the  condenser  were  connected  to  C  and  B,  the  electro- 
motive force.  Eg,  of  the  charge  would  be 

E,  =  r  —  (— v)  =  r  +  V. 

It  is  easy  to  see  that 

If  therefore,  we  connect  two  condensers  between  the  points  A  and 
C  and  the  points  B  and  C  respectively,  and  adjust  the  resistances  a 
and  b,  we  could  charge  the  condensers  to  any  relative  electromotive 
forces  required. 

888.  Although,  strictly  Bj)eaking,  the  diminution  or  fall  of  poten- 
tial along  the  resistance  A  ( -  B  is  represented  by  the  line  p  F  q  (see 
small  figure),  the  zero  point  being  at  F,  yet  we  may  generally  with 
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perfect  correctness  assome  the  zero  to  be  at  B  and  the  fall  of  poten- 
tial to  be  represented  by  the  line  f'  B,  and  similarly  with  the  fall  from 
one  pole  of  the  battery  to  the  other.  In  most  cases  it  is  convenient 
to  consider  the  fall  as  taking  place  in  this  way,  as  we  avoid  having  to 
consider  the  potentials  as  partly  +  and  partly  -  quantities,  which  is 
liable  to  cause  confusion  in  making  calculations. 

884.  It  was  stated  that  if  the  poles  of  the  battery  are  joined  by  a 
resistance,  the  potentials  at  those  poles  will  be  altered  in  value  ;  they 
will,  in  fact,  be  reduced  in  proportion  as  the  resistance  is  small  or 
large.  Now,  when  a  current  flows  through  a  galvanometer,  it  does 
so  in  virtue  of  a  difference  of  potential  at  its  two  terminals,  and  the 
strength  of  this  current  is  directly  proportional  to  the  value  of  this 
difference ;  and,  conversely,  if  we  note  the  difference  in  the  strengths 
of  currents  passing  through  a  galvanometer  the  relative  values  of  the 
differences  of  potential  at  its  terminals  will  be  known.  It  may,  at 
first  sight,  therefore,  appear  sufficient,  in  order  to  measure  the  relative 
values  of  the  differences,  simply  to  connect  the  terminals  of  a  galva- 
nometer to  the  points  at  which  the  differences  are  to  be  noted, 
and  to  observe  the  deflections  obtained.  But  by  joining  up  a 
galvanometer  in  this  way  we  should  reduce  the  resistance  of  the  por- 
tion of  the  circuit  between  those  points,  and  the  potentials  at  the 
poles  of  the  battery  would  consequently  decrease,  therefore  the  poten- 
tials at  the  points  where  the  galvanometer  is  connected  would  decrease 
also  ;  the  current  then  which  would  produce  a  deflection  of  the  galva- 
nometer needle,  would  be  that  due  to  the  diminished  potentials.  If, 
however,  the  resistance  of  the  galvanometer  were  very  high  com- 
pared with  the  other  resistances  in  circuit,  then  its  introduction 
will  produce  no  diminution  in  the  potentials,  and  consequently  its  de- 
flection, that  is  to  say,  the  current  passing  through  it,  will  be  a  true 
index  of  the  value  of  the  difference.  If,  therefore,  we  wish  to  theo- 
retically consider  what  are  the  relative  differences  of  potentials  at  any 
points  in  any  particular  arrangements  of  batteries  and  resistances,  we 
have  simply  to  suppose  these  points  to  be  connected  by  a  galvano- 
meter whose  resistance  is  infinite  compared  with  the  other  resistances, 
and  then  to  determine  the  relative  values  of  the  currents  which  will 
flow  through  it  in  the  several  cases. 

885.  From  what  has  been  said  we  can  see  that,  practically,  if  we 
connect  a  galvanometer  to  any  two  points  at  which  a  difference  of 
potential  exists,  then  the  deflection  obtained  will  accurately  represent 
that  difference  of  potential,  provided  the  galvanometer  has  a  total 
resistance  in  its  circuit  very  much  greater  than  the  resistance  between 
the  two  points  in  question. 

2  A  2 
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-  Measurbmekt  of  Electbomotiye  Foboe  bt  Laws*  Mbthod. 

886.  The  quantity  of  electricity  in  a  condenser  depends  directly 
upon  the  electromotive  force  of  the  charge,  and  the  deflection  ob- 
tained upon  a  galvanometer  depends  directly  upon  the  quantity  dis- 
charged through  it ;  the  dischai^e  deflection  obtained  from  a 
condenser,  therefore  (§  369,  page  345),  other  things  being  constant, 
will  represent  the  electromotive  force  of  the  charge  in  it ;  by  suc- 
cessively charging  a  condenser,  therefore,  from  two  or  more  batteries, 
and  noting  the  discharges  on  a  galvanometer,  we  can  very  simply 
and  quickly  determine  their  comparative  electromotive  forces. 

387.  Dischaii^e  deflections  on  a  galvanometer  whose  deflections 
are  truly  proportional  to  constant  currents,  unless  they  are  nearly 
equal,  are  not  always  proportional  to  the  currents  which  produce  them ; 
ill  measurements  such  as  these,  it  is  very  desirable,  therefore,  in  order 
io  ensure  accuracy,  to  adopt  the  method  mentioned  on  page  118 
(§  113),  viz.  to  obtain  a  uniform  deflection  by  means  of  a  variable 
shunt  to  the  galvanometer.  Thus,  if  we  obtain  two  similar  dischar^ge 
deflections  with  two  electromotive  forces  E^  and  E^,  using  shunts  of 
che  respective  resistances  S^  and  S2 ;  then,  since  the  deflections  are 
the  same,  the  electromotive  forces  are  in  the  proportion 

E  .E,--^t-S,.G+^ 

or  as  the  multiplying  power  of  the  shunts,  G  being  the  resistance  of 
the  galvanometer ;  for  if  the  deflections  obtained  were  multiplied 
by  these  quantities,  then  the  results  would  be  the  theoretical  deflec- 
tions which  would  be  obtained  without  the  use  of  shunts. 
For  example. 

With  an  electromotive  force  E^  we  obtained  a  discharge  deflec- 
tion of  300  divisions  on  a  galvanometer  whose  resistance  G  was 
r)()0()**,  using  a  shunt  S^  of  1000**,  and  with  a  second  electromotive 
force  E.2,  also  a  deflection  of  300  divisions,  using  a  shunt,  S^,  of 
2500"  ;  "then 

^     t;,        5000  +  1000     5000  +  2500 
^       -•'         1000         "         2500        ' 
that  is, 

Ei:E2::2:l. 

It  is  not  absolutely  necessary  that  the  same  deflection  be  repro- 
duced exactly,  although  calculation   is  thereby  saved :  as  long  as 
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the  deflections  are  nearly  equal  they  approximately  represent  the  dis- 
charges.   It  is  necessary,  of  coarse,  that  these  deflections  be  malti- 

plied  by  —J —  to  obtain  the  relative  strengths  of  the  currents. 

For  example. 

With  an  electromotive  force  Ej  a  discharge  deflection  of  300 
divisions  was  obtained  on  a  galvanometer  whose  resistance  G  was 
5000**,  using  a  shunt  S^  of  1000**,  and  with  a  second  electromotive 
force  R2  *  deflection  of  292  divisions,  using  a  shunt  Sg  of  2400" ; 
then 


that  is, 
or  as 


^      ^  1000  2400 

El  :Rj::  1800:900-33, 

2  : 1,  very  nearly. 


This  method  is  very  often  the  best  one  to  employ,  not  only  for 
discharge,  but  also  for  constant  deflections,  as  it  is  sometimes  incon- 
venient to  continually  adjust  until  the  same  deflection  exactly  is 
reproduced.  In  certain  cases,  indeed,  it  would  be  impossible  to  do 
BO,  as  will  be  seen  hereafter. 

388.  It  may  here  be  mentioned  that,  in  the  case  of  discharge 
deflections,  the  fact  that  the  resistance  between  the  terminals  of  the 
galvanometer  is  varied  by  the  introduction  of  shunts  of  different 
values,  does  not  require  to  be  taken  into  consideration. 

CoRRBorroN  for  Discharge  Dbflbctions. 

389.  The  late  Mr.  Latimer  Clark,  in  a  communication  tvddressed 
to  the  Society  of  Telegraph-Engineers,*  pointed  out  an  error  caused 
by  the  use  of  shunts  in  measuring  discharge  deflections. 

It  was  found  that  if  a  certain  discharge  deflection  were  obtained 
with  a  shunt,  then  on  removing  the  latter  the  discharge  deflection 
obtained  was  larger  than  that  given  by  multiplying  the  original 

p     ,    a 

deflection  by      ^    . 

After  considerable  research,  the  cause  of  the  error  was  traced  to 
the  inductive  action  of  the  galvanometer  needle  on  its  coils.  The 
movement  of  this  needle  set  up  a  slight  current,  which  opposed  the 

*  *  Journal  of  the  Society  of  Telegraph-Engineers,'  toL  ii.  p.  16. 
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discharge  current,  and  consequently  reduced  its  effect.  This  effect 
being  more  marked  when  the  shunt  was  used,  made  the  disehar^ 
deflection  without  the  shunt  to  appear  larger  than  it  should. 

The  formula  for  finding  what  would  be  the  discharge  deflection 
obtained  on  the  removal  of  the  shunt,  the  discharge  deflection  without 
the  shunt  being  given,  may  thus  be  arrived  at : — 

First  suppose  the  shunt  to  be  inserted. 

Now  in  all  problems  in  which  a  current  from  a  condenser  has  to 
be  considered,  we  may  suppose  the  condenser  to  be  a  battery  with  a 
resistance  infinitely  great  compared  with  the  resistances  external  to  it. 

Let  E  be  the  force  of  the  charge,  R  the  resistance  of  the  con- 
denser circuit,  Gt  the  resistance  of  the  galvanometer,  S  the  resistance 
of  the  shunt. 

Let  the  movement  of  the  needle  generate  an  opposing  force  e ;  then 
calling  C,  a,  and  p  the  respective  discbarge  strengths  in  the  galvano- 
meter, condenser,  and  shunt  circuits,  we  get  (by  applying  KirchoflTa 
laws,  page  200)  the  following  equations  : — 

a  -  C  -  ^8  =  0,  or, /3=  a  -  C, 
oR  -f  CG  -  E  +  e  =  0, 
aR  +^S  -  E  =  0; 


therefore 


therefore 


then  by  division 


a  R  +  C  0  -  E  +  ^  =  0, 

aR  +  (tt  -  C)S  -  E  =  0; 

aR  =  E  -  00  -  ^ 

a(R  +  S)  =  E  +  CS; 

R      ^  E  -  C  G  -  f 

R  +  S      "   E  +  C  S  "  ' 


by  multipliaition  and  changing  the  signs  we  get 

(R  +  S)(CG +0  -  RE  -  SE  =   -RE-CRS; 

therefore 

(R  +  S)  (C G  +  c)  -  S(E  -  0 R)  =  0. 

Next  suppose  the  shunt  to  be  removed,  and  let  the  strength  of  the 
discharge  be  C^,  and  the  new  force  generated  by  the  movement  of 
the  needle  be  e^,  then 

^V  =  ^  ~  ^' ;  therefore  E  =  Ci  (R  -h  G)  +  «, ; 
li  +  G 
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sabstituting  this  value  of  E  in  the  last  equation  we  get 

(R  +  S)  (CG  +  0  -  S[Ci(R  +  G)  +  ci  -  CR]  =  0. 

Now  e  and  e^  will  be  proportional  to  the  deflections  of  the  needle, 
that  is  to  say,  to  the  strengths  of  discbarge  producing  those  deflec- 
tions.    They  will  also  be  proportional  to  the  strength  of  the  magnet- 
ism of  the  needle,  which  strength  we  will  represent  by  k. 
Then 

fl  =  #cC,  «i  =  kCj  ; 

substituting  these  values,  we  get 

(R  +  S)  C(G  +  k)  -  S[Ci(R  +  G  +  k)  -  CR]  =  0, 
or 

(l4-|)o(G  +  K)-s[c(l4-^«)-0]=0. 

Now,  R  is  to  be  infinite  as  compared  with  S  and  G ;  therefore  by 
patting  R  :=  oo ,  we  find  that 

C(G  +  »c)  -  S(Ci  -  C)  =  0, 
therefore 


c.  =  c(«J:|J:S). 


To  make  this  formula  useful,  we  must  determine  the  value  of  k. 
This  can  be  done  thus  : — 

Provide  two  condensers,  one  having  exactly  twice  the  capacity  of 
the  other.  Charge  the  larger  one  with  a  sufficient  battery  power  to 
obtain  a  discharge  deflection  (a^)  of,  say,  200  divisions  on  the  scale, 
with  a  shunt  inserted  equal  in  resistance  to  the  galvanometer. 

Now  remove  the  shunt,  and  having  charged  the  other  condenser 
from  the  same  battery,  note  the  discharge  deflection  (o^) ;  let  it 
be  204  divisions. 

It  will  be  seen  that  the  deflection  we  should  have  obtained  with 
the  larger  condenser  and  no  shunt  would  have  been  2  (4,  and  this  is 
the  theoretical  deflection  we  should  obtain  when  a^  is  multiplied  by 
the  multiplying  power  of  the  shunt  corrected  by  the  constant  k  ;  that 
is  to  say, 

therefore 


K  =  2Gf 
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To  continue  the  example  we  have  given,  let  uis  sappose  G  =  oOiJO* ; 
then 

K  =  2  X  5000 f^^^  -  l)  =  2J00. 

\200         / 

For  the  particular  galvanometer,  then,  we  have  been  considering, 
we  say  that  when  ineaHuring  discharges  the  multiplying  power  of  auv 
shunt  (S)  which  may  be  used  is 

G+  200  +  S 

s        • 

Suppose  we  have  given  the  observed  deflection  without  the  shunt 
and  also  the  observed  deflection  with  the  shunt,  and  we  require  to 
know  what  this  latter  ought  to  be  in  order  to  give  us  the  true  deflec- 
tion compared  with  the  first.  Let  the  true  deflection  be  A ;  then  by 
the  ordinary  formula 

but  when  the  error  exists, 

from  these  two  equations  we  get 

therefore 

or  in  words : 

True  deflection  =  observed  deflection  ( 1  +  ,^  -**  „  | . 

\         G  +  S/ 

It  should  be  clearly  understood  that  this  formula  is  to  be  applied 
to  the  correction  of  the  deflection  obtained  with  the  shunt,  the  deflec- 
tion wttiwut  the  shunt  being  considered  as  the  index  of  the  current 
from  the  condenser. 

It  may  be  remarked  that  this  latter  formula  corresponds  with  that 
obtained  by  the  late  Mr.  Charles  Hockin,  and  given  by  Mr.  Latimer 
Clark  in  the  paper  referred  to. 

For  practical  use  the  formula 

^»  =  ^( — s — ) 
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is  the  only  one  we  should  require,  as  by  it  we  can  at  once  determine 
from  the  deflection  obtained  without  the  shunt  what  the  deflection 
with  the  shunt  would  be,  or  vice  versa. 


Relat;on   between   the   Current,  the  Resihtance,  and  the 
Electromotive  Force,  between  two  Points  in  a  Circuit. 

890.  In  Fig.  184  let  E  be  a  battery  of  electromotive  force  E,  and 
resistance,  z,  joined  up  in  a  cii*cuit  with  a  resistance  r,  and  let  G  be  a 
galvanometer  having  a  resistance  very  much  greater  than  the  other 

m 


Fio.  184. 


Fig.  185. 


resistances,  so  that' it  does  not  affect  the  flow  of  the  current  in  the 
circuit,  X  +  r.  Now,  the  cuiTent  C^,  flowing  through  the  galva- 
nometer, will  be 

^  E  r  Er 

^1  = 

X  + 


rG 
r  +  Q 


r  +  G      xr  +  xij  +  rQ' 


It  is  evident  that  this  current  must  be  due  to  the  existence  of  an 
electromotive  force,  or  a  difference  of  potential,  in  some  portion  of 
the  circuit  in  which  the  galvanometer  is  placed  ;  and  it  is,  moreover, 
evident  that  this  electromotive  force,  or  difference  of  potential,  must 
exist  between  the  points  A  and  B  in  the  portion  of  the  circuit  external 
to  G.  Let  B  be  this  electromotive  force  (Fig.  185),  then  we  have 
(since  G  is  very  much  larger  than  the  other  resistances) 


but 


therefore 


Cx  = 

G' 

Er 

*      xr  +  xO  +  r 

G' 

Er 

e 

•,r  +  xOt 

+  r6  ~ 

G' 
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that  is, 


e 


EG 


E 


r      xr  +  ajG  +  rG      ar 

"G 


+  a;  +  r 


but,  since  G  is  very  great  compared  with  the  other  resistances, 


therefore 


B 


6       "' 


E 


X  +  r 


But  by  Ohm's  law  (§  8,  page  2),  the  current  C,  flowing  out  of 
the  battery — that  is,  flowing  through  r — is 


C  = 


E 


therefore 


X  +  r 


e 


C  =  - ,     or,    «  =  C  r ; 

T 


that  is  to  say, 

(A)  T?ie  difference  of  the  potential  at  two  points  in  a  resistance  (»h 
which  no  electromotive  force  exists)  is  equal  to  the  product  of  the  current 
and  the  resistance  between  two  points. 

391.  We  will  next  consider  the  case  where  an  electromotive  foroe 
exists  in  the  resistance  through  which  the  current  is  flowing,  the 
strength  of  the  latter,  and  the  potentials  at  the  two  points,  being 
partly  due  to  this  electromotive  force. 

We  have  two  cases  to  be  considered,  first,  that  in  which  the 
electromotive  force  in  the  resistance  opposes  the  current  actually 
flowing,  and  second,  that  in  which  the  force  acts  in  the  same  direction 
as  the  current. 


Ci 


Cs 


y±  K 


^^-a^^l^^^^^sa:^^ 


V 


^ 


Fio.  186. 


Fig.  187. 


In  Fig.  186,  let  R  be  a  resistance  between  the  points  A  and  B, 
and  let  Cj  be  the  current  flowing  due  to  an  external  electromotive 
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force  in  a  resisbunce  (or  combination  of  resistances)  r ;  then  by  law 
(A)  (page  862),  we  have 

V,  -  V/  =  C,  R.  [1] 

Next,  let  us  tirsi  suppose,  as  in  Fig.  187,  that  we  have  in  R  a 
cun'ent  Cg  caused  by  an  electromotive  force  E,  then  by  Ohm's  law 
we  have 

C,=  ^,    or,    C,R  +  C^,r  =  E, 

that  is, 

C2r  =  E  -  CgR; 

but  by  the  law  (A)  (page  862)  we  have 

therefore 

V^- V2'  =  E-C,R.  [2] 

Now  if  we  take  the  case  shown  in  Fig.  188,  where  the  current  C 
is  produced  by  the  two  electromotive  forces,  then  the  respective 
potentials  at  the  points  A  and  B  must  be 

V  =  V,  +  V, 
and 

v  =  Vj'  +  v;. 

Therefore  we  have 

V  -  V  =  (V,  -  V,')  +  (V,  -  V,'), 

and  by  suljstituting  the  values  of  V^  -  V/  and  Vg  -  V.^'  given  in 
equations  [1]  and  [2]  we  get 

V  -  V  =  Ci  R  +  E  -  C,  R  =  R  (Gi  -  Cj)  +  E ; 

but  we  can  see  that 

C  =  Ci  -  Cg, 
therefore 

V  -  V  =  C  R  +  E,  [8] 

» 

V  being  always  greater  than  V. 

In  the  case  we  have  taken  we  have  supposed  the  electromotive 
force  E  to  act  against  the  current ;  if  we  teke  the  force  to  act  tffUh 
the  current,  then  we  get 

V  -  V  =  C  R  -  E.  [4] 
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It  may  be  remarked  that  this  role  is  true  whether  (a)  C  is  due  to  £ 
alone,  (^)  to  E  assisted  by  an  external  force,  or  {c)  to  E  diminished  by 
an  external  force.  In  cases  (a)  and  (c)  however,  V  -  V  is  always  posi- 
tive, but  in  case  (b)  it  is  sometimes  positive  and  sometimes  negative, 
according  to  circumstances.* 

392.  The  result,  then,  that  we  arrived  at  by  the  foregoing 
investigation  is,  that — 

(B)  The  difference  of  the  potentials  at  two  points  in  a  resistance  in 
which  an  electromotive  force  exists  is  equcU  to  the  product  of  the 
current  and  the  resistance  between  the  two  points^  added  t4)  the  electro- 
motive  force  in  the  resistance,  this  electromotive  force  being  negative  if  it 
acts  with  the  current^  and  positive  if  it  opposes  it. 


Measubement  of  Battery  Resistance  bt  Kehps's  Method. 

393.  Besides  determining  the  electromotive  force  of  a  battery,  we 
can  also  determine  its  internal  resistance  with  great  facility  by  means 
of  a  condenser.  To  do  this,  first  charge  the  condenser  by  means  of 
the  battery,  and  note  the  discharge  deflection,  which  we  will  call  a  ; 
next  insert  a  shunt,  S,  between  the  poles  of  the  battery  ;  again  charge 
and  discharge  the  condenser,  and  note  the  new  deflection,  which  we 
will  call  fi.  Let  e  be  the  electromotive  force  between  the  poles  of  the 
battery  when  the  shunt  S  is  inserted,  and  let  C  be  the  current  flowing, 
then  by  law  (A)  (page  362),  we  have 

tf  =  C8,    or,    C=^. 

Also,  if  E  be  the  electromotive  force  of  the  battery,  and  r  its  resist- 
ance, we  have 


C  = 
therefore 


S  +  r" 
E 


S      S  +  r' 

or 

«8  +  «r  =  B8 

therefore 

er  =  S(E  -  e\ 

*  The  latter  case  is   met  with  in  Lomsden's  EleotromotiTe  Force  test* 
|iage  199. 
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or 


r-S     ^      ; 

but  we  must  also  have 

therefore 

E:«::a:/8: 

r=S--^ 

To  obtain  accuracy  it  is  advisable  for  the  value  of  S  to  be  such 

a  * 
that  the  deflection  p  is  approximately  equal  to  - . 

8 
For  example, 

A  battery  whose  resistance  (r)  was  required  was  joined  up  with  a 
galvanometer,  condenser,  discharge  key,  etc.,  as  shown  by  Fig.  173, 
page  345.  The  condenser  being  charged  and  then  dischaiged  through 
the  galvanometer  (by  depressing  and  then  releasing  key  K^)  a 
deflection  of  290  divisions  (a)  was  produced.  A  resistance  of  20" 
(S)  was  then  joined  between  the  terminals  of  the  battery,  and  the 
condenser  again  charged  and  discharged  through  the  galvanometer 
the  value  of  the  deflection  obtained  being  105  divisions  (/8).  What 
was  the  resistance  of  the  battery  ? 

.  =  20-^^---i^-^.35.2". 
105 

It  is  evident  that  if  S  be  adjusted  till  P  =  %^  then 

r  =  S.  [B] 

An  error  in  the  foregoing  test  may  possibly  arise  from  one 
measurement  being  made  with  the  poles  of  the  battery  free,  when  no 
action  goes  on  in  it,  and  the  second  being  made  with  it  shunted, 
which  may  cause  a  falling  off  in  its  electromotive  force,  as  action 
would  then  be  taking  place  ;  the  accuracy  of  the  test  depends  upon 
the  electromotive  force  being  constant  in  both  cases.  If  the  shunt 
8  be  connected  to  the  battery  by  means  of  a  key,  then  the  second 
discharge  deflection  P  is  best  obtained  by  first  pressing  down  the 
key  Kg  (Fig.  173,  page  845),  then  pressing  down  the  key  which 
connects  the  shunt  to  the  battery,  and  then  immeduUely  afterwards 
releasing  the  key  Kg,  and  noting  the  deflection.  Thus  as  little  time 
as  possible  is  allowed  for  polarisation  to  take  place. 

*  The  reason  wiU  be  dear  from  a  oonsideration  of  the  inveBtigution^  g^ven  in 
1 147,  page  148,  and  ^  152,  p.  150. 
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Mkasurkmknt  of  Battery  Rbsistanpe  by  MrrRHKAo's  Mkthod. 


^"•^rtruinr 


^T        V 


mw\^ 


\L-5i. 


Fig.  189. 


894.  A  very  excellent  modification  of  the  foregoing  method  lias 
been  devised  by  Dr.  A.  Muirhead  ;  it  possesses  the  great  advantage 
of  being  free  from  the  source  of  error  just  mentioned. 

In  this  test  (Fig.  181))  the  battery,  galvanometer  and  condenser 
are  joined  up  in  circuit  with  a  key  K^.  The  condenser  C  being 
short-circuited  for  a  moment,  so  as  to  dissij>ate  any  charge  which 
may  have  been  accidentally  left  in  it,   key   K.,  is  depressed ;  this 

causes  a  charge  to  rush  into  the 
condenser  through  the  galvano- 
meter, producing  the  same  deflec- 
tion as  would  be  produced  if  the 
condenser,  when  charged  from  the 
battery  direct,  were  discharged 
through  the  galvanometer. 

The  charge  deflection  (a)  being 
noted,  the  key  Kg  is  kept  perma- 
nently down,  so  as  to  keep  the 
condenser  charged.  By  means  of 
key  Kj,  a  shunt  (S)  is  now  con- 
nected between  the  poles  of  the 
battery  ;  at  the  moment  this  takes  place  the  potential  at  the  poles  of 
the  latter  falls,  and  a  reverse  deflection  of  the  needle  of  the  galvano- 
meter is  produced.  If  we  suppose  this  deflection  to  be  due  to  an 
alteration  of  the  potential  from  a  to  )8  (the  latter  being  the  samt* 
quantity  as  that  given  in  the  previous  test),  its  value,  f ,  will  he 

{  =  a  -  /8,  or  )8  =  a  -  {. 

If  then,  we  substitute  this  value  of  p  in  equation  [A]  (page  865)  of 
the  previous  test,  we  get 

r  =  S  -^. 

a  -  t 

For  fixample. 

The  shunt  Shaving  a  resistance  of  lO*  the  deflection  produced  on 
depressing  key  Kg,  was  810  divisions  (a).  Kg  being  held  down,  Ky 
was  depressed,  when  a  deflection  of  100  divisions  (0— in  the  reverse 
direction  to  a— was  obtaincMl.  What  was  the  resistance  of  the 
liattery  ? 
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310  -  100      *  ^^  ' 
Afi  in  the  previoas  test,  it  is  advisable  to  give  S  such  a  value  that 

i  la  approximately  equal  to  ^. 

Ab  polarisation  to  any  extent  does  not  take  place  in  the  battery  till 
some  seconds  after  the  shunt  has  been  connected  to  the  former  bv 
the  key,  and  b&  the  deflection  takes  place  immediately  the  key  is 
depressed,  it  follows  that  very  accurate  results  may  be  obtained  by 
this  test.  It  may  be  remarked,  however,  that  Professor  Garnett  has 
found  that  polarisation  takes  place  in  a  battery  in  an  extremely  short 
space  of  time — in  even  the  ^iiW  ^^  P^^  ^^  ^  second  ;  the  amount  is, 
of  course,  very  small.  In  Muirhead^s  test  the  time  during  which 
polarisation  would  tend  to  affect  the  accuracy  of  the  test  would 
be  that  occupied  by  the  galvanometer  needle  in  swinging  from  zero 
to  the  deflection  {,  consequently  the  quicker  the  swing  (consistent 
with  accurate  reading)  the  better. 

Mkasukbmbnt  of  Battbey  Resistance  by  Muneo's  Method. 

395.  A  modification  of  Muirhead^s  method  has  been  suggested  by 
Mr.  J.  Munro,  which  simplifies  calculation,  inasmuch  as  it  gives  the 
value  of  a  -  {  by  a  single  deflection. 

Key  Ki  is  first  depressed  and  then  immediately  afterwards  key 
K2  is  also  depressed  ;  this  gives  a  deflection  0,  which  is  equivalent  to 
the  difference  between  the  deflections  a  and  ^  in  the  last  test.  Key 
Ki  is  now  raised,  leaving  key  K^  down  ;  and  as  soon  as  the  galvano- 
meter needle  becomes  steady,  K^  is  depressed  again,  and  the  deflection 
{  read,  then  we  have 

As  a  slight  interval  of  time  may  elapse  between  the  depression 
of  key  Kj  and  key  Kg,  when  obtaining  the  deflection  0  (during 
which  time  the  battery  would  be  partially  short-circuited),  it  is 
preferable  to  make  the  test  in  the  following  manner : — Make  the 
connections  so  that  the  front  contact  of  key  K^  is  joined  to  the 
lever  of  key  Kg  instead  of  to  the  front  contact  of  the  latter,  as  in 
Fig.  189  (page  866)  ;  then  in  order  to  obtain  ^,  depress  K^  and  keep 
it  down,  and  immediately  afterwards  depress  Kg ;  the  deflection 
observed  in  this  case  will  be  0.  Now  raise  key  K^,  keeping  key  Ko 
down,  and  when  the  galvanometer  needle  has  become  steady,  depress 
Kj,  tJhen  the  deflection  obtained  will  be  f . 
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Measurement  of  Polarisation  in  Batteries, 

896.  The  amount  of  polarisation  which  takes  place  in  a  Intterr 
when  the  latter  is  short-circuited  may,  if  required,  he  easQy  ascer- 
tained in  the  following  manner  : —  In  Fig.  189  (page  866)  let  S  be  a 
short  piece  of  wire  of  practically  no  resistance,  then  having  short- 
circuited  the  condenser  C  for  a  moment,  depress  key  E,,*  and  note  the 
deflection  d^.  Keeping  Kg  down,  depress  K^,  and  hold  it  down  for  a 
definite  time,  say  one  minute ;  at  the  end  of  the  interval  release  K„ 
and  note  the  deflection  d^ ;  then  the  percentage  of  polarisation  in  the 
one-minute  interval  wiU  obviously  be 

100  (rfi  -  d^) 
—    d,-         • 


Measurement  of  the  Resistance  of  Batteries  of  Low  Resistance. 

897.  In  cases  where  it  is  required  to  measure  the  total  resistance 
of  a  number  of  cells  of  extremely  low  resistance  (secondary  batteries 
or  accumulators,  for  example)  by  any  of  the  foregoing  methods,  the 
heating  effect  produced  by  the  current  passing  through  the  shunt  S 
when  the  latter  is  connected  to  the  battery  by  means  of  the  key  K^, 
would  be  liable  to  heat  and  damage  the  coUs  of  which  the  shunt  is 
composed.  In  such  cases  the  cells  should  be  divided  into  two  sets, 
one  set  having,  say,  one  more  cell  than  the  other ;  the  two  sets  should 
then  be  joined  together  so  that  their  electromotive  forces  oppose  one 
another.  By  this  arrangement  we  practically  obtain  a  battery  whose 
electromotive  force  is  equal  to  one  cell  only,  but  whose  resistance  is 
equal  to  that  of  all  the  cells ;  consequently  the  current  generated  can 
be  but  comparatively  small,  and  would  have  but  little  heating  eflfect. 
The  contact  in  key  Ko  should  be  made  by  means  of  a  mercuiy 
cup. 

898.  When  comparing  large  electromotive  forces  with  small  ones — 
as,  for  instance,  IrtO  cells  with  one  cell — by  the  condenser  discharge 
method,  the  smaller  force  should  be  taken  first ;  for  a  large  chaise 
usually  leaves  a  residuum  in  the  condenser,  which  may  be  greater  than 
the  small  force,  and  which  can  only  be  thoroughly  dissipated  by 
leaving  the  condenser  short-oircuited  for  some  time.  If  the  smaller 
force  is  measured  first,  then  any  residuum  it  may  leave  becomes  entirely 
swamped  by  the  larger  force,  and  no  increase  of  charge  is  added  to 
the  condenser  beyond  that  due  to  the  larger  force  itself. 
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399.  Although  the  condenser  practically  becomes  charged  in- 
stantaneously, it  is  usual  to  keep  the  current  on  for  a  definite  time  to 
ensure  that  the  charging  is  completed  ;  20  seconds  is  the  period  very 
generally  adopted. 

400.  When  discharge  currents  are  being  measured,  especial  care 
must  be  taken  to  insert  a  shunt  of  small  resistance  in  the  galvanometer 
at  first,  as  momentary  currents,  when  these  currents  are  strong,  are  very 
liable  to  weaken  the  magnetism  of  the  needles.  If  this  precaution 
is  not  taken,  a  set  of  measurements  for  one  test  may  be  rendered 
useless,  as  to  compare  measurements  made  before  the  magnets  become 
weakened,  with  measurements  made  afterwards,  would  obviously  be 
impossible  for  the  purpose  of  obtaining  accurate  relative  values. 
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CHAPTER  XII. 
MEASUREMENT  OF  CURRENT  STRENGTH. 

401.  If  in  a  simple  circuit,  aa  shown  by  Fig.  190,  the  total 
resistance,  R  +  6  +  r  be  known,  as  well  as  the  electromotive  force, 
E,  of  the  battery,  the  strength  of  the  current,  C,  flowing  can  at  once 
be  determined,  for  by  Ohm's  law 

C=         ® 


R  +  G  +  r 


If  the  resistances  are  in  ohms  and  the 
electromotive  force  of  the  battery  in  volts, 
then  the  resulting  current  will  be  in 
amperes. 

For  example. 

The  electromotive  force,  E,  of  a  battery 
which  produced  a  current,  C,  in  a  circuit  y\g.  ido 

whose  total  resistance,  R^,  was  500*,  was 

found  by  comparison  with  a  Daniell  cell  (1*08  volts  approximately) 
to  be  8  •  5  times  as  strong  as  the  latter ;  what  was  the  strength  of  the 
current,  C,  flowing  in  the  circuit  ? 

E  =  8-5  X  1-08  =  3-78  volts. 

8*78 
C  =  *--—  =  '00756  ampere  =  7*56  milliamperes. 

402.  In  the  foregoing  method  of  measurement,  in  order  to 
determine  the  strength  of  the  current,  it  was  necessary  to  know 
both  the  resistance  of  the  circuit  and  also  the  electromotive  force 
producing  the  current.  A  direct  determination  of  the  latter  can 
only  be  made  by  comparing  it  with  a  current  of  a  known  strength 
as  follows : — 
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Direct  Deflection  Method. 

403.  In  this  method  a  galvanometer  is  inserted  in  the  circuit 
through  which  flows  the  current  whose  strength  is  to  be  measured. 
The  resistance  of  the  galvanometer  should  be  sufBiciently  low  not  to 
appreciably  increafie  the  total  resistance  of  the  circuit  in  which  it  is 
inserted.  The  deflection  produced  bj  the  current  being  noted,  the 
galvanometer  is  removed  and  joined  up  in  a  circuit  with  a  standard  cell 
or  cells  (page  176)  and  a  resistance  ;  the  latter  is  then  adjusted  until 
the  deflection  which  was  obtained  in  the  flrst  instance  is  reproduced  ; 
in  this  case,  then,  the  current  flowing  must  be  equal  to  the  current 
whose  strength  is  required.  If,  therefore,  the  electromotive  force 
(in  volts)  of  the  standard  cell  is  divided  by  the  total  resistance  (in 
ohms)  in  its  circuit,  the  required  strength  of  the  current  in  amperes 
is  obtained  at  once.  The  resistance  of  the  standard  cell  requires,  of 
course,  to  be  included  in  the  total  resistance,  unless  it  is  so  small 
that  it  can  be  neglected. 

404.  As  a  standard  cell  of  the  Clark  type  (§  198,  page  178) 
cannot  be  used  for  tests  of  this  description,  owing  to  the  fact  that  its 
electromotive  force  would  not  keep  constant,  a  Daniell  cell  or  an 
accumulator  should  be  used,  the  electromotive  force  of  the  same  being 
compared,  previous  to  and  after  the  test,  with  a  Clark  standard  cell 
by  means  of  one  of  the  methods  described  in  Chapter  VII. 

405.  The  degree  of  accuracy  attainable  in  a  test  of  this  kind  is 
directly  proportional  to  one-half  the  degree  of  accuracy  with  which 
the  galvanometer  deflection  can  be  read,  for,  since  two  measurements 
have  to  be  made,  one  with  the  current  whose  strength  is  required, 
and  the  other  with  the  standard  cell,  there  may  be  errors  made  in 
both  of  these.  If  the  current  to  be  measured  is  a  strong  one,  bo  that 
it  is  necessary  to  shunt  the  galvanometer  when  obtaining  a  deflection, 
this  shunt  not  being  used  when  the  deflection  is  reproduced  with  the 
standard  cell,  then  in  this  case  the  result  obtained  by  dividing  the 
electromotive  force  of  the  standard  cell  by  the  total  resistance  in  its 
circuit,  must  be  multiplied  by  the  multiplying  power  of  the  shunt 
(page  103)  in  order  that  the  correct  strength  may  be  obtained. 

For  example. 

In  measuring  the  strength  of  a  current,  the  deflection  produced 
on  the  galvanometer  shunted  with  the  jV^h  shunt,  was  50''.    The 
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galvanometer  (withoat  the  shunt)  being  connected  with  a  DanieU 
cell  of  10*  resistance,  and  a  set  of  resistance  coils,  it  was  fonnd 
necessary  to  adjust  the  latter  to  560*  in  order  to  bring:  the  needle 
to  50°  ;  what  was  the  strength,  C,  of  the  current  to  be  measured  ? 

1  *08 
C  ^ X  10  =  '019  ampere  =  19  milliamperes. 

560  +  10  ^  ^ 

406.  When  a  galvanometer  is  inserted  in  a  circuit  through  which 
a  current  is  flowing  whose  strength  it  is  required  to  measure,  it  is 
very  necessary  that  the  resistance  of  the  instrument  be  very  low  com- 
pared with  the  resistance  of  the  circuit  itself,  otherwise  the  introduction 
of  the  galvanometer  will  reduce  the  current  flowing,  and  the  result 
obtained  will  not  be  the  one  required.  Before  making  the  test  it 
would  of  course  be  necessary  to  ascertain  whether  the  galvanometer 
available  for  use  would  meet  the  desired  conditions. 

To  make  the  test  as  accurately  as  possible  it  would  be  necessaiy 
for  the  galvanometer  needle,  when  deflected,  to  be  as  near  to  the  ^n^^ 
of  maximum  sensitiveness  (page  29)  as  possible.  If  the  strength  of 
current  necessary  to  give  this  angle  be  found  by  joining  up  a  standard 
cell  and  a  set  of  resistances,  and  varying  the  latter  until  the  required 
deflection  is  obtained,  then  we  can  always  tell  whether  the  instrument 
would  be  suitable  for  a  particular  purpose.  Thus,  for  example,  suppose 
the  galvanometer  had  a  resistance  of  1000**  and  the  angle  of  maxi- 
mum sensitiveness  were  approximately  equal  to  60°,  and  suppose  further 
that  thiK  deflection  were  obtained  by  1  Daniell  cell  through  a  total 

1  *08 
resistance  of  8000*,  that  is,  with  a  current  of  oKa^=  '000135  am- 
pere ('185  milliampere) ;  then  to  measure  such  a  current  we  must 
have  the  whole  resistance  of  the  galvanometer,  viz.  1000** ,  in  circuit. 
If  the  instrument  were  shunted  with  the  ^th  shunt,  then  the  resist- 
ance would  be  reduced  to  100" ,  and  the  current  corresponding  to  60° 
deflection  would  be  '00185  ampere  ;  and  again,  if  the  T^th  shunt 
were  employed,  the  resistance  would  be  reduced  to  1",  and  the  current 
corresponding  to  60"  would  be  '185  ampere  ;  thus  we  see  that  if  it 
were  required  to  measure  a  current  of  about  '0185  ampere,  and  it 
were  necessary  that  a  resistance  not  exceeding  1*  should  be  inserted 
in  the  circuit,  then  it  is  evident  that  the  galvanometer  in  question 
would  not  answer  the  i*equired  purpose,  since  a  sufficiently  high  deflec- 
tion with  '0185  ampere  of  current  would  not  be  obtained  if  a  lower 
shunt  than  T-J^rth  were  employed,  which  latter  shunt  would  reduce  the 
galvanometer  resistance  down  to  10"  only. 
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It  is  preferable,  when  possible,  to  employ  a  galvanometer  of  high 
resistance  shunted  down,  rather  than  one  of  low  resistance  not  shunted, 
since  with  such  a  galvanometer  it  is  easier  to  measure  the  *' con- 
stant '^  of  the  instrument  accurately ;  for  the  high  resistance  of  the 
latter,  together  with  the  high  resistance  which  it  would  be  necessary  to 
place  in  cuxjuit  in  order  to  get  a  readable  deflection  with  one  standard 
cell  only,  would  swamp,  as  it  were,  the  resistance  of  the  cell,  which 
resistance  need  not  then  be  taken  into  account,  or  at  least  need  only  be 
known  approximately.    With  a  galvanometer  of  low  resistance,  how- 
ever, where  a  comparatively  small  resistance  only  would  have  to  be 
introduced  into  the  circuit  in  order  to  get  the  required  deflection,  the 
resistance  of  the  cell  should  be  known  accurately,  as  it  would  form  an 
important  item  in  the  total  resistance  of  the  circuit. 

407.  The  foregoing  test  has  the  advantage  that  it  can  be  made  with 
almost  any  form  of  galvanometer,  for  as  only  one  deflection  has  to  be 
obtained,  it  is  not  necessary  to  know  what  proportions  the  various 
degrees  of  deflection  which  it  is  possible  to  have,  bear  to  the  currents 
which  produce  them.  If,  however,  a  tangent  galvanometer  is  employed, 
it  is  unnecessary  to  reproduce  the  same  deflection  exactly,  though  it  is 
advisable  to  make  it  approximately  near. 

408.  If  in  the  last  example  the  test  had  been  made  with  a  tangent 
galvanometer,  and  the  deflection  obtained  with  the  standard  cell  had 
been  54"  instead  of  60"  (the  deflection  given  by  the  current  whose 
strength  was  required),  then  in  this  case  the  actual  strength,  Ci, 
of  the  current  would  be, 

c,=-i:^-  xiox-^?^; 

*      560  +  10  tan  54" 

=    _1_:08_  ^  ,,  ^  1:7321 
560  +  10  1-8664 

=  '0289  ampere  =  23  •  9  milliamperes. 

409.  If  we  use  no  shunt,  or  the  same  shunt  when  taking  both  the 
deflections,  and,  further,  if  we  make  the  total  resistance  in  circuit  with 
the  Daniell  cell  equal  to  1080",  then  calling  d"  the  deflection  given  by 
the  current,  and  di  the  deflection  given  by  the  standard  cell,  we  have 

C,  =L-^_«  X  -^o  =       ^^^°     .  amperes  =  i?^I  milliamperes. 
^     1080       tan  d^        1000  tan  t/i"       ^  tan  ^" 

or,  further  still,  if  by  means  of  an  adjusting  magnet  we  can  arrange 
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that  the  deflection  given  by  the  standard  ceU  through  1080^  equals 
45^  then  since  tan  45"*  =  1,  we  most  have 

Ci  =  'Y(\(\(\  *™pcre8  =  tan  cT  miUiamperes. 


Cabdew's  Differential  Method.* 

410.  This  method,  devised  by  Major  Cardew,  r.e.,  is  a  very 
satisfactory  and  useful  one  ;  its  theory  is  shown  by  Fig.  191. 

The  galvanometer  6  is  wound  with  two  wires,  g  and  ffi ;  the 
current  G^  whose  strength  it  is  required  to  measure  is  passed  through 
the  coil  gi  (which  has  a  low  resistance),  and  a  standard  battery  E  is 


Fm.  191. 


Fig.  li^2. 


connected  in  circuit  with  the  second  coil  g  and  with  an  adjustable 
resistance  R.  The  current  being  passed  through  the  coil  g^y  the  resist- 
ance R  is  adjusted  until  the  needle  comes  to  zero. 

If  we  call  n  and  n^  the  relative  deflective  effects,  for  the  same 
current,  of  the  two  coils  g  and  g^^  and  if  C^  and  c  be  the  currents 
flowing  through  g^  and  g,  respectively,  then  in  order  to  produce 
equilibrium  we  must  have 


or 


c  :  Cj : :  fij :  n, 


Now  the  current  through  c  will  evidently  be 

E 


c  = 


R  +  / 

*  *  Jourual  of  tlie  Sodety  of  Telegnph-Engiueen/  toL  xL,  p.  301. 
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the  resistance  of  the  hattery  heing  included  in  R ;  therefore 

For  example. 

The  relative  deflective  effects  of  the  coils  g  and  g^  were  as  1000  to 
1  ;  the  resistance  of  g  was  100** ;  the  battery  E  was  a  1-cell  Daniell. 
In  order  to  obtain  equDibrium  the  resistance  R  had  to  be  adjusted  to 
480"  ;  what  was  the  strength  of  the  current  C^  ? 

r.  1*08  1000        ft-,,  ^^.      .„. 

Cj  =  — — — —  X    — — =  '221  ampere  =  221  milliamperes. 

411.  The  relative  deflective  effects  of  g  and  g^  are  easily  ascer- 
tained by  joining  up  a  battery  e  and  two  resistances  R^  and  Rj,  as 
shown  by  Fig.  192,  and  then  adjusting  until  equilibrium  is  produced  ; 
in  this  case  we  have 

n  :  74  : :  Ri  +  ^  :  Rj  +  ^j, 
or 

n_  _  Ri  +^ 

Hi      R2~+7i' 

412.  As  th^  accuracy  with  which  a  test  can  be  made  depends, 
amongst  other  things,  upon  the  accuracy  with  which        is  known, 

the  higher  the  battery  power, «,  it  is  possible  to  use,  the  better,  since 
in  this  case  the  higher  will  be  the  values  which  can  be  given  to  R^ 
and  R^,  and  the  higher  consequently  will  be  their  range  of  adjust- 
ment ;  thus  if  we  use  sufficient  battery  power  to  enable  a  change  of 
•  1  per  cent.,  that  is  to  say,  1"  in  1000**,  or  -^  in  100*  in  R^  +  ^, 
to  produce  a  perceptible  movement  of  the  needle,  then  we  can  obtain 

the  value  of  -  to  an  accuracy  of  •  1  or  ^th  per  cent. 

The  resistance  of  ^j  would  have  to  be  very  small  compared  with 
the  resistance  of  ^,  so  that  it  would  not  add  appreciably  to  the 
resistance  of  any  circuit  in  which  it  is  inserted. 

lis.  Ab  regards  the  he9l  oondiUotu  for  making  the  testj  this  will  be  directly 
proportional  to  the  relative  values  of  the  figures  of  merit  (page  98)  of  the  coil  j/„ 
and  the  cnrrent  to  be  measured,  for  it  is  evident  that  no  matter  whether  equi- 
librium exists  owing  to  there  being  no  current  flowing  through  the  ooils  g  and  g^t 
or  to  equal  currents  flowing,  still  the  current  which  will  deflect  the  needle 
1  division  will  be  the  same  in  both  cases;  hence  if  the  figure  of  merit  of 
the  coil  ^1,  be,  say,  j^^th  of  an  ampere,  then  an  increase  of  jo^Qoth  of  an 
ampere  (^^  milliampore)  in  the  current  C],  no  matter  what  the  strength  of  the 
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latter  may  be,  will  produce  a  deflection  of  1  degree.  It  is  eyident,  therefore, 
that  the  greater  the  strength  of  the  current  the  greater  is  the  degree  of  accuracy 
with  which  its  value  can  be  determined ;  thus,  if  o'  be  the  figure  of  merit  of  the 
coil  g„  and  C,  be  the  current  to  be  measured,  then  the  percentage  of  acewaqf 
aitainahle  will  be  the  percentage  which  e'  is  of  C,. 

To  enable  this  percentage  to  be  obtained,  however,  it  wuuld  be  neci'ssary  for 
the  total  resistance  of  the  circuit  of  y  to  be  adjustable  to  a  d^ree  of  accuracy 
similar  to  that  in  the  case  of  j/, ;  in  order  that  this  may  be  so,  E  must  be  of  sooh 
a  value  that  the  number  of  units  iu  R  +  ^  is  not  leas  than  tiiat  which  satiafiee 
the  equatiou 

R+flf     C,' 


Now, 


therefore 


or 


C,  =  „^     X  " 

R  +  (7       »i 

r  ^^C     n 
'  ""   r     '^  «  * 


E  =  ";  X  ->. 

c        n 
For  example. 

The  figure  of  merit  of  coil  g,  of  the  galvanometer  was  '0001  ampere  (e'); 
the  current  to  be  measured  was  approximutely  *5  ampere  (Ci);  and  Uie  value 

of  ^^  was  '001.    What  was  the  possible  degree  of  accuracy  attainable  in  makiDg 
fi 

the  test,  and  what  would  have  been  the  lowest  value  which  should  have  been 
given  to  E  iu  order  that  this  degree  of  accuracy  might  be  attained  ? 


also 


Percentage  of  accuracy  =   — -^^— =  '02  per  cent. ; 


E  -  -^~  X    001  =  2-5  volts. 

•0001 


If,  therefore,  E  consisted  of  3  Daniell  cells,  the  required  value  of  B  +  9 
would  have  been  obtained. 
To  sum  up,  then,  we  have 


Best  Conditions  for  making  the  Test 

414.  Make  E  not  less  than     \   x  - 1,  c'  being    the    figure  of 

c        n 

merit  of  the  coil  through  which  the  current  to  t)e  measured  is 
piussed. 

Possible  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  — ^ — 
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Kbmpb's  Bridge  Method. 


415.  This  method  is  a  modification  of  the  foregoing,  and  it  has 
the  advantage  that  it  does  not  require  the  use  of  a  special  form  of 
galvanometer.     The  method  is  shown  in  principle  by  Fig.  198. 

In  making  the  test,  the  resist- 
ance R  is  adjusted  until  no  deflec- 
tion is  observed  on  the  galvano- 
meter ;  when  this  is  the  case  the 
current  c  from  the  battery  must  also 
be  the  current  flowing  through  r, 
and,  again,  the  current  C^  must  also 
be  the  current  flowing  through  r^. 
Now  since  no  current  flows  through 
the  galvanometer,  the  potentials 
V,  V,  on  either  side  of  it  must  be 

the  same,  hence  if  v  be  the  potential  at  the  junction  of  r  and  r^,  then 
by  law  (A)  (page  362)  we  have 


Fig.  19,1. 


and 
therefore 


V  - 1;  =  c  r, 


or 


but 


Cx  = 


cr 


c  = 


E 


therefore 


c,= 


B.  +  r' 
Er 


[A] 


For  example. 


The  battery  E  consisted  of  a  single  Daniell  cell.  The  resistances 
r  and  r^  were  100"  and  1**  respectively.  Equilibrium  was  obtained 
on  the  galvanometer  G  when  R  was  adjusted  to  4000*" ;  what  was  the 
strength  of  the  current  C^  ? 

^'  "  rcioOO  +  100)  "  '^^^^  ^^^^  ^^^^'^  milliamperes. 
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415.  het  U8  now  oonilder  the  best  conditions  for  making  the  twL 

What  we  have  to  determine  is — Ist,  what  shoold  be  tiie  yalnes  of  E  and  r  ? 
and  2nd,  what  should  be  the  value  of  B  ? 

The  Talues  of  £  and  r  should  be  such  that  the  deflection  of  the  galvanometer 
needle  is  as  large  as  possible  when  equilibrium  is  very  nearly,  though  not  quite, 
produced.  Now  if  we  regard  B  as  u  constant  quantity,  then  the  yalue  which  £ 
must  have  will  depend  upon  the  value  given  to  r,  consequently  we  have  to 
determine  what  the  latter  quantity  should  be. 

Practically,  the  resistance  r,  would  in  all  cases  have  to  be  of  a  very  low  value, 
and  if  we  consider  it  to  be  so  the  problem  to  be  solved  becomes  a  compamtively 
simple  one.  We  may  regard  the  current  e'  producing  the  deflection  of  the 
galvanometer  needle  as  dne  to  a  difference  of  two  currents,  O,  being  one,  and  the 
current  produced  by  the  electromotive  force  E  being  the  other.  Let,  then,  Ci 
and  c,  be  the  portions  of  these  currents  which  flow  in  opposite  directions  through 
tho  galvanometer  G,  then  if  we  suppose  the  deflection  to  be  dne  to  B  being 
incorrectly  adjusted  to  B  +  9,  we  have  (supposing  fi  to  be  very  smaU), 

c  +  C.r.  _  C,r,(B+5+r) 

n,    i^  +  ^)r   ~QB  +  G8  +  Gr-fBr+r8' 


and 


Cj=  .    ?_      ..    ^       r      _  Br 

B  +  «4-— -^  ••  +  1^       GB4-G«4-Gr  +  Br  +  r8  • 

B  +  G 


but  since  from  equation  [A]  (page  877)  we  have 


therefore 


fi  (K  +  r) 


-3 


Now, 
therefore 


(',r,(R  +  r) 
'     GR4-G5  +  Gr  +  Br  +  r»* 


C    ^  Oj  —  Cj, 


_#  


C,r,  (U  +  8  +  r)  _  C,r,  (B  +  r) 

GB  +  G»  +  Gr  +  Rr  +  r»      GB  +  G8  +  Gr  +  Br +  r« 

C,r,5 . 

GR  +  G5  +  Gr  +  BrH-r8* 


or,  since  B  is  very  small,  we  may  say. 


e'  = 


C,r,5  _  C\riB 

G  B  +  G  r  H-  Br      B  (G  +  r)  +  Gr* 


From  this  equation  we  can  see  that  r  should  be  made  small,  but  we  can  also 
see  that  there  is  but  little  advantage  in  making  it  much  smaller  than  G.  In  fact, 
there  is  an  actual  disadvantage  in  making  r  extremely  small,  for  this  would 
neceflsitate  E  being  made  very  large,  which  would  be  inconvenient. 

We  have  next  to  determine  what  is  the  best  value  to  give  to  B.  Now,  the 
larger  wo  make  the  hitter,  the  greater  will  be  its  range  of  adjustment,  coose- 
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quently,  as  in  previous  tests,  we  should  give  it  the  higheBi  value  tuoh  (hat  a 
chaftge  of  1  unit/rom  its  oorreet  ruUtanee  prodigies  a  perotpttble  deflection  of  the 
galvanometer  needle. 
We  have 

^  -R(G  +  r)  +  Gr» 

and  if  in  this  equation  we  put  8  =  1  we  shall  get  the  current  corresponding  to  a 
change  of  1  unit  from  the  correct  value  of  R,  that  is 

R[G  +  r)  +  Qr 
or,  since  r  must  be  ftniall,  we  iiiiiv  practically  say 


from  which 


,  _  C|  R| 
""RG  ' 


U=^l^.  [B] 


If,  then,  we  make  <f  the  figure  of  merit  (page  98)  of  the  galvanometer,  the 
value  of  R  worked  out  from  the  equation  will  show  the  highest  value  that  the 
latter  quantity  should  have.  But  the  value  of  B  depends  upon  the  value  given 
to  E ;  we  must  therefore  determine  what  the  latter  should  be. 

We  have 


ri(B+r)' 
or, 

^_C^r^(B  +  r). 

r 

and  substituting  tlie  value  of  B  obtained  from  equation  [B],  we  get 


.-J-G 


%'*'). 


C  r 

or,  as  r  is  small  compared  with  B,  that  is  with    }  -^ ,  we  may  say 

o'Gr 
For  example. 

It  was  required  to  measure  the  exact  strength,  G|,  of  a  current  whose  approxi- 
mate strength  was  known  to  be '03  ampere.  A  Kelvin  galvanometer  of  dOOO** 
resistance  (G)  was  employed  for  the  purpose,  its  figure  of  merit  being  '  000,000,001 
(c').  The  resistances  of  r  andr^  were  100<«  and  I''  respectively.  What  should  be 
the  value  of  £  in  order  that  B  may  be  as  high  as  possible? 

E_  (03  X  !)•  ^  1-8  volts; 

•000,000,001  X  5000  X  100 

that  is  to  bay,  practically,  E  should  consist  of  2  Daniell  cells. 
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ABBQming  E  to  be  equal  to  2  volts  approximately,  then  (from  equation  [B] 
page  379)  the  value  which  R  would  have  in  order  to  obtain  balance  would  be 

E=  ^^JJx  1  =6000*» 

•000,000,001  X  5000 

approximately. 

417.  In  order  to  determine  the  po9nble  degree  of  aecuraey  aUaimable,  let  ua 
Buppouo  R  to  be  1  unit  out  of  adjustment,  and  let  A  be  the  oorr&ipouding  error 
produced  in  Gi,  then  we  have 

or 

~   r,  (R  -  1  +  r)         '      r,(R  -  i  +>)  "  r,  (R  +  r) 

=  Er 

r,(R-H-r)(R  +  r)' 

or,  since  R  is  large,  we  may  say 

A=       ®'' 

but 

Er 

therefore 


r,  (K  +  r)  '       \C,  r,  / 


A=?I     ^^i''iV=£V''> 
r,   '  V  Er  /         Er  * 

If  we  call  a'  the  percentage  of  accuracy,  then 

^'=lofO.,orV=l^_-^=l««Jpi'i. 
100         **  0,  Er 

If  we  take  the  values  given  in  the  foregoing  example  we  have  approximately 

A' =  12?  ><  :«IJ<J  =  .016  per  cent 
2  X  100  *^ 

Best  Conditions  for  making  the  Test, 

418.  Make  E  the  nearest  possible  value  above  ^l^—  ,  where  c' 

c  Qr 

is  the  figure  of  merit  of  the  galvanometer,  and  0^  is  the  approximate 

strength  of  the  current  to  be  measured. 

The  value  which  R  will  require  to  have  will  be 

c'G 
Possible  Degree  ofAceuracy  attainabh. 
Percentage  of  accuracy  =  IOOCiTj 


MEASUREMENT  OF  CURRENT   STRENGTH.  381 


Difference  of  Potential  Deflection  Method. 

419.  Fig  194  shows  the  general  principle  of  this  method. 
A  B  is  a  low  resistance  through  which  the  current  Cj,  to  be 
measured,  passes.   A  galvanometer,  G,  in  circuit  with  a  high  resistance, 


B,  is  connected  between  the  ends  of  A  B  as  shown  ;  then,  calUng  Y 
and  Tj  the  potentials  at  A  and  B  respectively,  we  have  by  law  (A) 
(page  362) 

r 

To  determine  V  -  V^  all  we  have  to  do  is  to  note  the  deflection  d 
on  the  galvanometer  G,  and  then,  having  disconnected  the  latter, 
together  with  the  resistance  R,  from  A  B,  to  join  them  in  circuit  with 
a  standard  cell  of  known  electromotive  force,  E,  and  to  obtain  a  new 
deflection  d^ ;  we  then  have 

or 

V-V   -  ^^ 

^      ^  "   ^' 

so  that 

p        E^ 
rdi 

420.  In  order  that  the  test  may  be  a  satisfactory  one,  the  resist- 
ance G  +  R  should  be  very  high  compared  with  the  resistance  r,  so 
that  the  strength  of  Ci  is  practically  the  same  whether  G  +  R  is  con- 
nected  to  A  B  or  not ;  also  r  should  be  as  low  as  possible,  so  that  it 
may  not  appreciably  add  to  the  resistance  of  the  circuit  in  which  it  is 
placed.  In  order,  therefore,  that  a  good  deflection  may  be  obtained 
the  galvanometer  G  should  have  a  high  figure  of  merit  (page  98)  ; 
a  Kelvin  galvanometer  answers  the  purpose  very  satisfactorily. 
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For  example. 

In  making  a  meaBorement  according  to  the  foregoing  testtbe 
resistance  r  was  ^V*'*  ^^^^  ^^^  deflection  obtained  on  G  was  250 
divisions  (d).  When  G  and  R  were  connected  to  a  Daniell  cell  in 
the  place  of  being  joined  to  A  B,  a  deflection  of  280  divisions  (rfj) 
was  obtained  ;  what  was  the  strength  of  the  current  Cj  ? 

P,        1-08  X  250      ,,   „ 

Ci  =      ,        .  ^    =  11 '7  amperes. 

As  it  is  obviously  advisable  that  the  deflections  obtained  should 
both  be  as  high  as  possible,  the  standard  electromotive  force  E  mar 
have  to  be  adjusted  for  the  purpose,  that  is  to  say,  it  may  have  to 
consist  of  several  cells.  Instead  of  adjusting  E  only,  we  may  make 
the  latter  of  any  convenient  high  value,  and  then  adjust  R  so  that 
the  required  deflection  is  obtained  ;  in  this  case  if  R|  be  the  resist- 
ance when  E  is  in  circuit,  w^  must  have 

p   ^   E^(Rjf  G) 
"-'^      r^"(R,  +  G)' 

For  example. 

In  making  a  measurement  according  to  the  foregoing  test  the 
resistance  of  r  was  ^^j**  and  the  deflection  obtained  on  G  was  270 
divisions  {d) ;  the  resistances  of  G  and  R  were  5000"  and  1000* 
respectively.  When  G  and  R  were  connected  to  a  Daniell  cell, 
R  had  to  be  adjusted  to  7000**  (Rj)  in  order  to  obtain  a  deflection  of 
800  divisions  {d{) ;  what  wiis  the  strength  of  the  current  C^  ? 

C,  =  LQg-iiATO  _x  (I000_+5000)  ^  ^.,g  ^ 
^        tV  X  ^^^  ^  (7^>00  +  5000)  * 

Of  course,  if  the  value  of  R^  is  made  such  that  the  deflections 
d  and  d^  are  equal,  then 

p  _B(R  +  G) 
'"  r(R,  +G)* 

421.  From  the  extreme  simplicity  of  the  test  it  must  be  obvioas 
that  the  best  cotiditions  for  makbig  the  test  and  tlie  possible  degree  of 
accuracy  attainable  must  be  as  follows  : — 

Best  Gonditionsfor  making  the  Test. 

Make  R  and  R^  of  such  values  that  the  deflections  obtained  are 
as  high  as  possible. 
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Possible  Degree  of  Accuracy  attainable. 
Percentage  of  accuracy  =  100m  (^  "^  >  ) 

where  ^  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 

Difference  of  Potential  Equilibrium  Method. 

422.  Fig.  195  shows  the  general  principle  of  this  method. 

A  B  is  a  slide  wire  resistance,  8  being  the  slider.  A  galvanometer, 
G,  and  a  standard  battery,  E,  are  joined  up  as  shown,  so  that  the 
latter  tends  to  send  a  current  through  r^  in  a  direction  opposing  the 


A  < 1; '>D 

Fio.  195. 

current  Cj ;  «  is  then  moved  along  A  B  until  the  point  is  reached  at 
which  no  deflection  of  the  galvanometer  needle  is  observed ;  when 
this  is  the  case,  then  by  law  (A)  (page  362)  we  have 

and  by  law  (B)  (page  364),  since  no  current  is  flowing  through  the 

galvanometer, 

V-Vi  =  E; 
therefore 

C^r,  =  E, 

or 

If  the  resistance  of  the  whole  length  of  wire  A  B  be  r  ohms,  and 
if  it  be  divided  into  n  divisions,  then  if  the  number  of  divisions 
between  A  and  D  be  n^,  the  resistance  r^  will  be 

r    =  -1—  ; 

consequently  we  must  have 

CE  H 

*      rn^ 
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For  example. 

The  electromotive  force  E  consisted  of  1  Daniell  cell ;  the  wine 
A  B  had  a  resistance  of  !••  (r),  and  was  divided  into  1000  parts  (n). 
Equilibrium  was  obtained  when  the  slider  was  set  at  the  750th  division 
(n,) ;  what  was  the  strength  of  the  current  Cj  ? 

^       1-08  X  1000       ,    .. 
C,  =  -  ,        - --   -  =  1*44  amperes. 
*  1  X  750  ^ 

423.  The  oonditions  for  making  the  test  in  the  meet  satisfactory  manner  arc 
comparatively  simple.  The  nearer  we  have  the  slider  to  B,  that  is  to  say,  Ihe 
larger  we  make  n,  the  smaller  will  bo  the  percentage  of  error  in  the  latter,  dne 
to  the  slider  being,  say,  1  division  out  of  position.  As  the  position  of  the  slider  for 
equilibrium  depends  upon  the  value  of  E,  the  latter  must  be  sufficiently  great  to 
enable  n,  to  be  as  large  as  possible.  The  greatest  theoretrical  value  which  E  could 
have  must  be  that  which  it  would  i)0Bses8  when  nj  =  n,  in  which  case  we  get 

C,  =  ®,   or,    E  =  C,r. 

As  it  is  only  possible  to  adjust  K  by  variations  of  1  cell,  we  must  take  care  that 
its  actual  value  is  less  rather  than  i^reater  than  G,  r,  otherwise  it  would  be  impos- 
sible to  obtain  equilibriuuL 

It  is  also  necessary  that  the  figure  of  merit  (page  98)  of  the  galvanometer  he 
sufficiently  high  to  enable  a  perceptible  movement  of  the  needle  to  be  obtained 
when  the  slider  ismovtd  a  readable  distance  9,  from  the  position  of  exact  balance. 
If  we  suppose  the  slider  to  be  at  D  when  equilibrium  is  produced,  then  the  electro- 
motive force  which  would  tend  to  send  a  current  through  the  galvanometer, 
supposing  the  slider  to  be  displace)  I  a  distance  9,  would  be 

Ex  \ 

consequently  the  current  c\  passing  through  the  galvanometer,  will  be 

^,  ^ES^C^rS. 
Gft,        On  * 

if,  therefore,  we  require  to  adjust  the  slider  to  an  accuracy  of  S,  the  figure  of 

E  8 
merit  c'  of  the  galvanometer  must  not  be  less  than  pi — 

The  percentage  of  accuracy,  X',  with   which    C,    can   be  obtained  must 
obviously  be 


100  8 
A  - 


Hi 


or,  since 


therefore 


-,        Kn  En 

Oi  =         ,     or,     Wi  =  V,     » » 


.  _  100C,r8 
A    —         r« 

En 
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For  example. 

It  being  reqoiied  to  measure  the  Btrength  C„  of  a  current  whose  approximate 
Talne  is  1*5  amperes,  a  galvanometer  of  500"  resistance  (G),  whose  figure  of 
merit  IB  '000001  (c')i  is  employed  for  the  purpose.  The  resistance  of  the  whole 
length  of  the  slide  wire,  which  is  divided  into  1000  divisions  (n),  is  1  ohm  (r) : 
the  position  of  the  slider  can  be  read  to  an  accuracy  of  J  a  division  (8).  What  is 
the  highest  value  that  could  be  given  to  E  ?  also  to  what  percentage  of  accuracy 
could  G|  be  determined,  and  what  should  be  the  figure  of  merit  of  the  galvano- 
meter in  order  that  this  percentage  of  accuracy  may  be  attained  ? 

E  =  1-5  X  1  =  1*5  volts; 

therefore  we  cannot  make  E  greater  than,  say,  1  Dantell  cell  (1  volt  approxi- 
mately). 

Percentage  of  accuracy  = =-—  j^tx *  =  '075  per  cent 

To  enable  this  percentage  of  accuracy  to  be  attained,  the  figure  of  merit  (O 
of  the  galvanometer  must  not  be  less  than 

the  figure  of  merit,  therefore,  of  the  galvanometer  in  question  is  sufficient  for  the 
required  purpose. 

To  sum  up»  then,  we  have 

Rest  Conditions  for  making  the  Test, 

424.  Make  E  the  nearest  possible  value  below  C^  r. 

The  figure  of  merit  of  the  galvanometer  should  not  be  less  than 

Gn  ' 

Possible  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  — ^-^ —  . 


Siemens'  Electbo-Dynamometeb. 

425.  This  apparatus,  although  it  can  be  used  for  measuring 
ordinary  powerful  currents,  yet  has  the  special  advantage  that  it 
enables  rapidly  alternating  currents  to  be  measured ;  such  currents 
would  give  no  indications  on  an  ordinary  galvanometer. 

The  principle  of  the  electro-dynamometer  is  based  upon  the  mutual 
action  of  currents  upon  one  another,  i.e.  upon  the  fact  that  currents 
in  the  same  direction  attract,  and  in  opposite  directions  repel. 
Fig.  196  shows  how  the  principle  is  applied. 

2  0 


386 


HANDBOOK   OF  ELECTRICAL  TESTING. 


A  B  C  D  is  a  fixed  wire  rectangle,  and  a  b  c  d  sl  smaller  one, 
suspended  by  a  thread,  t,  within  the  larger,  so  that  it  can  tarn  freely 
abont  its  axis ;  the  planes  of  the  two  are  at  right  angles  to  each 
other.  Now,  if  the  two  rectangles  be  connected  together  in  the  way 
shown,  then  a  current  entering  at  Wp  and  passing  out  at  Wj,  will 
traverse  the  two,  and  the  current  passing  from  B  to  C  will  attract 
the  current  passing  from  ato  d,  and  will  repel  the  current  passing 
from  c  \o  b,  A  similar  action  takes  place  with  reference  to  the 
current  passing  from  1)  to  A,  consequeotly  the  smaller  rectangle, 

under  the  influence  of  the  forces,  will 
tend  to  turn  about  its  axis,  in  the 
direction  in  which  the  hands  of  a 
watch  rotate.  If  the  current  enters  at 
W2,  and  leaves  at  W^,  then,  inasmuch 
as  the  directions  of  all  the  currents 
in  the  wires  are  reversed,  the  small 
rectangle  must  still  tend  to  turn  in  the 
direction  indicated.  If  one  or  both 
of  the  rectangles  consist  of  several 
turns  of  wire,  the  turning  effect  for  a 
given  current  will  be  proportionately 
increased. 

As  the  turning  effect  on  the  coil  is 
produced  by  the  action  of  the  current 
through  the  fixed  coil  apting  on  the 
current  through  the  movable  coil,  and 
as  the  two  coils  are  in  the  same  circuit,  it  follows  that  if  the  current 
passing  through  the  fixed  coil  is  doubled,  then  the  current  passing 
through  the  movable  coU  is  also  doubled,  consequently  we  have  one 
doubled  current  acting  upon  another  doubled  current,  and  therefore 
we  must  have  a  quadruple  deflective  effect — ^in  other  words,  the 
deflective  force  tending  to  turn  the  movable  coil  will  vary  as  the 
square  of  the  current 

Fig.  197  gives  a  general  view  of  a  Siemens  Dynamometer. 
The  apparatus  consists  of  a  rectangle  of  wire  hung  from  a  fibre 
whose  upper  end  is  fixed  to  a  thumb-screw ;  the  latter  is  provided 
with  a  pointer  which  can  be  moved  round  a  graduated  dial ;  one 
end  of  a  spiral  spring  is  also  attached  to  the  rectangle,  the  other 
end  being  fixed  to  the  thumb-screw.  In  this  arrangement  the  number 
of  degrees  to  which  the  pbinter  is  directed  evidently  indicates  the 
amount  of  torsion  given  to  the  spiral  spring.  To  the  rectangle  also 
is  fixed  a  pointer,  the  end  of  which  just  laps  over  the  edge  of  the 


Fig.  196. 
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graduated  dial.  The  rectangle  encirclee  a  ooil  coDsisting  of  seyeial 
tarnfi  of  thick,  and  a  larger  number  of  turns  of  thin,  wire ;  the  two 
ends  of  the  thick  wire  are  connected  to  terminals  2  and  3,  and  the 
two  ends  of  the  thin  wire  to  terminals  1  and  3.  Connection  is 
made  between  the  rectangle  and  the  wire  coils  by  mercury  cupe,  into 
which  dip  the  ends  of  the  wire  forming  the  rectangle.  The  base- 
board has  three  levelling  screws ;  the  level  consists  simply  of  a  small 
pointed  weight  hung  at  the  end  of  a  rod  (seen  on  the  right  of  the 
figure)  ;  the  pointed  end  hangs  exactly  over  a  fixed  point  when  the 
instrument  is  level. 

426.  The  method  of  using  the  instrument  is  as  follows : — The 
wires  leading  the  current  whose  strength  is  to  be  determined  are 
connected  to  terminals  1  and  3,  or  2  and  3,  according  to  whether  a 
strong  or  weak  current  is  to  be  measured.  The  current  deflects  the 
rectangle ;  the  thumb-screw  is  now  turned  in  the  reverse  direcdon 
to  that  in  which  the  rectangle  has  turned,  and  torsion  being  therehj 
put .  on  the  spiral  spring  the  rectangle  is  forcibly  brought  back 
to  its  normal  position — that  is,  at  right  angles  to  the  coils,  or 
to  the  position  at  which  the  pointer  attached  to  the  rectangle  stands 
at  zero  on  the  scale.  The  number  of  degrees  of  torsion  given  to  the 
spiral  spring  being  then  read  oif,  the  strength  of  the  current  is 
found  by  reference  to  a  table  supplied  with  each  instrument.  To 
construct  this  table  a  current  of  a  known  strength  is  sent  through 
the  instrument,  and  then  the  degree  of  torsion  required  to  bring  the 
rectangle  back  to  zero  is  carefully  noted.  This  being  done,  the 
currents  corresponding  to  other  degrees  of  torsion  are  easily  calcu- 
lated. The  force  of  torsion  varies  directly  as  the  number  of  degrees 
through  which  the  spiral  spring  is  twisted,  whilst,  as  has  been  before 
explained,  the  deflective  effect  of  the  current  varies  directly  as  the 
square  of  the  latter.  In  other  words,  if  ^^^^  be  the  number  of  degrees 
of  torsion  required  to  bring  the  rectangle  back  to  -zero  when  it  is 
traversed  by  a  current  of  C  amperes,  then  if  Cj  be  the  current  which 
will  correspond  to  any  other  degree  of  torsion  ^%  we  have 

or 


c^V' 


For  example. 

If  180°  (^°)  of  "torsion  were  required  to  bring  the  rectangle  back 
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to  zero  when  it  was  traversed  by  47  •  57  (C)  amperes  of  carrent,  what 
current  (G{)  would  be  represented  by  80®  (^i**)  of  torsion  ? 

n   *•         /80  X  47-5  x  47-5      «,   _ 

Ci  =  ^ 180 "  ^'^  amperes. 

425.  Like  galvanometers,  the  Siemens  electro-dynamometer  is 
not  susceptible  of  great  accuracy  when  the  readings  are  very  low ; 
in  fact,  the  higher  the  readings  are,  the  more  accurate  are  the  results 
obtainable.  Thus,  for  example,  5°  of  torsion  of  the  spring  represents 
a  current  (in  the  instrument  No.  1009  shown  by  Pig.  197)  of  7*93 
amperes,  whilst  5**  more,  that  is  10°  in  all,  represents  a  current  of 
11*23  amperes.  In  other  words,  a  range  of  5**  of  torsion  only, 
represents  a  difference  in  the  current  of 

(11-23  -  7-98)100  .        .^ 

^ ^^-— — ^ per  cent..  =  42  per  cent. 

7-93  ^  ^ 

If,  however,  the  current  had  been  66-88  amperes,  which  corresponds 
to  a  torsion  of  850%  then  5**  more  of  torsion,  or  855'*  in  all,  repre- 
sents a  carrent  of  66*86  amperes,  consequently  the  range  of  b""  of 
torsion  in  this  case  represents  a  difference  in  the  current  of 

(66-86  -  66*88)100  ^         -^ 

^^ ^^   ;^ — ^ per  cent.  =  •  72  per  cent. ; 

66-38  ^  ^ 

and  a  greater  degree  of  torsion  would  have  rendered  the  error  stiU 
less. 

Every  instrument  is  supplied  with  a  table  which  shows  the 
current  strengths  corresponding  to  various  angles  of  torsion  ;  prac- 
tically tlus  table  is  different  for  every  instrument,  as  it  is  almost 
impossible  (nor  is  it  necessary)  to  make  two  dynamometers  alike. 
The  table  supplied  with  the  instrument  shown  by  Fig.  197  (No. 
1009)  is  calculated  so  that  the  latter  can  theoretically  be  used  for 
measuring  currents  varying  from  1*05  to  66*86  amperes  in  strength. 
The  thin  wire  coil  is  to  be  employed  when  currents  of  from  1*05  to 
19-87  amperes  are  to  be  measured,  and  the  thick  wire  coil  for 
currents  of  from  3  -  54  to  66  -  86.  The  numbers  of  degrees  of  torsion 
representing  various  currents  are  all  multiples  of  5 ;  thus  the  first 
calculation  on  the  table  (thick  wire  coU)  is  1%  which  represents 
8  *  5  amperes  of  current ;  the  next  is  5%  representing  7  *  98  amperes  ; 
the  next,  10"*,  representing  11*28  amperes;  and  so  on.  Practically 
the  instrument  cannot  well  be  adjusted  to  a  closer  degree  of  accuracy 
than  5*". 

The   thin   wire  coil,  having  about  three  times  the  magnetic 
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effect  of  the  thick  one,  requires,  for  a  definite  current,  that  the  num- 
ber of  degrees  of  torsion  to  bring  the  needle  back  to  zero  be  about 
three  times  that  which  is  required  in  the  case  of  the  thick  coil ;  in 
other  words,  with  the  thin  wire  coil  we  can  practically  measure  cuirentB 
to  about  three  times  the  degree  of  accuracy  which  is  possible  widi 
the  thick  coil ;  but  on  the  other  hand,  the  highest  current  which  we 
can  practically  measure  with  the  thin  coil  is  about  one-third  only  of 
the  highest  current  which  can  be  measured  with  the  thick  coil. 

The  lowest  current  which  can  be  measured  consistent  with  a  d^;iee 
of  accuracy  equal  to  10  per  cent,  is  5*76,  for  the  next  current  bdow 
this  on  the  table  is  5*25,  and  therefore  we  have 

(5-76  -  5-25)  100  .       ^  *  i 

^^ ^ per  cent.  =  10  per  cent,  nearly. 

If  we  require  to  be  accurate  within  1  per  cent.,  then  the  lowest  correot 
we  could  measure  would  be  16  *  77,  as  the  next  current  below  this  on 
the  table  is  16*20,  and  we  therefore  have 

(16-77  -  16-60)_100        ^„t  ^  1        ^„t  „^, 
16-70  f  t^  J 

Since  the  percentage  of  accuracy  is  equal  to 


CC_-coioo^/Cj_ijioo^ 


where  C  is  a  particular  current,  and  Cj,  the  current  next  below  it  on 
the  table,  and  since 

where  0*  and  <^i*  are  the  degrees  of  torsion  corresponding  to  the 
currents  C,  C^,  therefore 

Percentage  of  accuracy  =  (     /  ~„  -  1^  100  ; 

and  as  the  smallest  difference  to  which  we  can  practically  read  is 
b\  therefore 


Percentage  of  accuracy  =  (^/*^   \^   -  l)  100  =  X'  say 


Also 


\/'^j'-m^''' 
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therefore 


therefore 


1 

10,000 

+ 1  + 

k' 

50' 

5° 

10,000 

^&' 

or 


50^00 
X'2  +  200X' 


^1  \M    t    af\n\f   ' 


which  shows  the  smallest  number  of  degrees  of  torsion  which  must 
be  given  to  the  spiral  spring  when  measuring  a  current,  in  order  that 
the  latter  may  be  measured  to  an  accuracy  of  X!  per  cent. 

Far  example. 

It  was  required  to  be  able  to  measure  currents  of  10  amperes  and 
upwards  to  an  accuracy  of  1  per  cent.,  by  means  of  an  electro-dynamo- 
meter ;  how  many  d^rees  of  torsion  would  the  spiral  spring  be  required 
to  make? 

^        1  +  200 

showing  that  the  electro-dynamometer  must  be  so  constructed  that 
when  currents  of  10  amperes  and  upwards  have  to  be  measured,  not 
less  than  248""  of  torsion  have  to  be  given  to  the  spiral  spring  in 
order  to  bring  the  needle  back  to  zero. 

428.  From  the  construction  and  principle  of  the  electro- 
dynamometer  it  must  be  evident  that  the  accuracy  of  the  absolute 
results  obtained  by  its  means  must  depend  entirely  upon  the  torsion 
of  the  spiral  spring  remaining  constant.  It  seems  possible  that 
change  of  temperature  and  frequent  use  might  alter  the  value  of  the 
torsion,  but  this  is  stated  not  to  be  the  case. 
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CHAPTER  XIII. 
MEASUREMENT   OF  ELECTROSTATIC  CAPACITY, 

DiBEGT  Deflection  Method. 

429.  The  simplest  way  of  measuring  electax>8tatic  or  inductive 
capacities  is,  with  the  same  battery  power,  to  compare  the  discharges 
from  the  unknown  capacities,  with  the  discharge  from  a  condenser 
of  a  known  capacity  ;  thus  we  note  the  discharge  deflection  a  given 
by  the  standard  condenser  F,  and  then  the  discharges  o^,  <i^  etc., 
given  by  the  cables  or  condensers  whose  capacities  F^,  F^,  etc.,  are 
required,  in  which  case 

F  :  F^  :  Fj  :  :  fl  :  Oi  :  flPj. 

Far  example, 

A  standard  condenser  had  a  capacity  of  ^  microfarad,  and  gave 
a  discbarge  deflection  of  800,  and  two  other  cables  or  condensers, 
Fi,  Fg,  gave  discharge  deflections  of  225  and  180  respectively,  then 

i  :  Fi  :  Fj  : :  300  :  225  :  180 ; 
that  is, 

F,  =  i  .  ^^^  -  J  microfarad, 
^      ^    300       * 


and 

180 

300 


Fg  =  i  .  ^^-  =  i  microfarad. 


If  we  use  shunts  and  obtain  the  same  deflection,  then 

1  .  p   .  -p  ..^  +  S  ,  G  +  Si  ,G  +  Sj 

430.  In  measuring  the  electrostatic  capacity  of  a  cable  by  this 
method,  the  connections  for  measuring  the  discharge  from  the  cable 
would  be  made  in  the  manner  shown  by  Fig.  198  (page  398).  The 
arrangements  for  measuring  the  discharge  from  the  condenser  would 
be  those  indicated  by  Fig.  173  (page  845). 
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Then,  as  before,  the  capacity  of  the  cable  will  be  to  the  capacity 
of  the  condenser  as  the  discharge  deflection  of  the  one  is  to  the 
discharge  deflection  of  the  other,  or  obtaining  the  same  deflection  by 
means  of  shunts,  as  the  multiplying  power  of  the  shunts. 


431.  The  capacity  per  mile  will  be  the  reiult  divided  by  the 
mileage  of  the  cable. 

482.  When  a  number  of  capacities  of  about  the  same  value  have 
to  be  measured,  as,  for  instance,  the  capacities  of  two-knot  lengths 
of  cable  core,  a  device  may  be  adopted  which  considerably  simplifies 
the  operation.  Let  F  be  the  capacity  of  the  standard  condenser 
whose  discharge  is  D  divisions,  and  let  /  be  the  capacity  of  one  of 
the  lengths  of  cable,  and  d  the  discharge  from  the  same.  Then 
we  have 

F  :/::D  :(/, 


or 


/= 


D 


Now  if  we  make        a  submuUiple  of  10,  then  the  value  of  d 
read  off  from  the  scale  will  give  at  once  the  value  of  /.    Thus  if 
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F  were  a  oondenser  of  ^  microfarad  capacity,  and  we  so  adjusted  the 
galvanometer  that  this  capacity  gave  a  discharge  deflection  of  a  little 
over  «Sd8  divisions,  then  we  shoald  have 


8:^:H      1000 ' 

80  that  if  the  discharge  deflection  reading  from  the  cable  consisted 
of  three  figures,  a  decimal  point  pat  before  the  latter  would  give 
at  once  the  capacity  of  the  cable ;  or  if  the  reading  consisted  of 
two  figures,  then  we  must  put  a  decimal  point  and  a  cypher.  In 
the  same  way,  if  we  had  a  condenser  of  1  microfarad  capacity,  we 
shoald  adjust  the  galvanometer  so  as  to  obtain  a  deflection  of  100 
divisions,  for  then 


100      100 


Siemens'  Loss  of  Charoe  Discharge  Method. 

438.  The  principle  of  this  method  of  measurement  is  that  of 
observing  the  rate  at  which  the  charged  condenser  or  cable,  whose 
capacity  is  required,  discharges  itself  through  a  known  resistance, 
and  calculating  the  capacity  from  a  formula  which  we  will  now 
consider. 

The  elements  with  which  we  have  to  deal  are :  capacity  (farad), 
resistance  (ohm),  quantity  (coulomb),  time  (second),  and  potential 
(volt). 

Let  us  suppose  the  cable  or  condenser  has  an  electrostatic  capacity 
of  F  farads,  and  is  charged  to  a  potential  of  V  volts,  so  that  it  con- 
tains Q  coulombs  (equal  to  V  F)  of  electricity,  and  is  discharging 
itself  through  a  resistance  of  R**  during  one  second. 

The  quantity  of  electricity  in  the  condenser  or  cable  at  starting 
is  Q  coulombs. 

If  now  we  take  a  very  short  interval  of  time  ^  we  may  consider 
the  discharge,  which  really  varies  continually,  to  flow  throughout  that 
time  /,  at  the  same  rate  as  it  had  at  the  commencement ;  and  the 
smaller  t  is  taken,  the  more  accurate  will  be  the  result. 

Thus,  since  the  quantity  escaping  is  directly  proportional  to  the 
potential  driving  it  out,  and  to  the  time  during  which  the  escape 
occurs,  and  inversely  proportional  to  the  resistance  through  which 
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the  escape  takes  place,  the  quantity  escaping  will  vary  as 

^  ;  that  is  it  equals   ^  K, 

where  E  is  a  constant  to  be  determined. 

Now  the  units  are  so  made  that  a  condenser  of  I  farad  electro- 
static capacity  charged  to  a  potential  of  1  volt,  that  is,  containing 
1  coulomb  of  electricity,  will  commence  to  discharge  itself  through 
a  resistance  of  1  ohm,  at  the  rate  of  1  coulomb  per  second.  That  is 
to  say, 

1  =      - — K,    therefore,  K  =  1. 

The  quantity  escaping  during  the  interval  of  time  t  in  the 
problem  is  therefore 

The  quantity  remaining  in  the  condenser  will  be 

Again,  since  this  is  the  quantity  at  the  conmiencement  of  the 
second  interval,  that  at  the  end  will  be 

and  that  at  the  end  of  the  nth  interval  will  be 

Let  these  n  intervals  of  t  seconds  equal  T,  so  that  nt  =  T. 

Now  we  have  seen  that  the  smaller  t  is,  the  more  accurate  will 
our  results  be.  Let  us  therefore  make  t  infinitely  small,  and  n 
infinitely  great,  so  that  n  t  still  =  T,  we  shall  then  get  a  perfectly 
accurate  result,  and  the  amount  remaining  at  the  end  of  time  T 
wiU  be 

where  n  =  oo  , 

To  evaluate  q  put 

T  ^  I 

nFR  i' 
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80  ihat 

a:  =  00  when  n=  oo  ; 

then 


* = ^  [(^  ^ .-)']" " 


when  ir  *=  00 ;  but  when  this  is  the  case  the  expreesion  within  Uie  sqoare 
brackets  is  known  to  be  equal  to  «,*  thus 


therefore 


therefore 


but 


Rlog.^ 

q       vF       v' 


where  v  is  the  value  of  the  potential  corresponding  to  the  value  q  of 
the  quantity,  thus 

Rloga-      2-308  R  log- 

where  as  stated  at  first,  T  is  measured  in  seconds,  F  in  farads,  and  B 
in  ohms. 

Since  Y  and  v  now  appear  in  the  form  of  a  proportion,  the  unit  in 
which  they  are  measured  is  immaterial,  although  they  were  measured 
at  the  outset  in  volts. 

In  practice  R  is  usually  measured  in  megohms  (1,000,000  ohmB),t 
and  consequently  F  will,  in  such  a  case,  be  measured  in  microfaradB 

iido^  farad)- 

For  example. 

A  fully  charged  condenser  gave  a  discharge  deflection  of  300 
divisions  (Y)  ;  after  being  recharged  and  allowed  to  discharge  itself 

*  Todhiinter*8  Algebra,  fifth  editioD,  Chapter  XXXIX. 
t  This  \b  Bometimes  written  1^ . 
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tbrongh  a  resistance  of  500  megohms  for  60  seconds  (T),  the  dis- 
charge deflection  obtained  was  200  divisions  (y).  What  was  the 
capacity  of  the  condenser  ? 

p  = 52 =  .  295  microfarad. 

2  •  808  X  500  log  ?^ 

^200 

434.  In  exeoutiDg  this  test  it  is  advantageous  to  make  V  and  v  bear  a  certain 
proportion  to  one  another,  for  this  will  oanse  any  small  error  in  reading  the 
valoe  of  V  to  prodnoe  as  small  an  error  as  possible  in  the  value  of  F  when  the 
latter  is  worked  out  from  the  formula.    This  may  be  proved  thus : — 

Let  us  assume  B  to  be  constant,  and  let  there  be  an  error  x  in  F  caused  by  an 
error  8|  in  v  and  an  error  8,  in  V,  the  error  8,  being  plus  and  8,  minus,  so  that  the 
total  resulting  error  is  as  great  as  possible ;  we  then  have 

Rlog.I-r4  Blog.^-*« 


but 


tlierefore 


«  +  8,  «  +  8, 


Blog.l        ^  ^ 

V 


log.  I  log.  X  -  log.  Ir-?? 

log.(l+».)-log.(l-^)_ 


=  F 


but  if  8,  and  8,  are  very  small,*  we  get 


?! 

V 


A  =  F  V ' 

log«  — 


V 


If  the  deflections  are  taken  on  a  Kelvin  galvanometer  (as  would  practicaUy 
always  be  the  case),  then  8,  =  8„  so  that  we  get 


»i 


x  =  F ^• 

log.  y- 


V 


*  Todhunter's  Trigonometry,  third  edition,  Ohapter  XII. 
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The  value  of  v,  which  makes  x  a  miDimum,  may  be  detennined  in  the 
following  manner : — 

To  make  A.  a  minimnm  we  mast  make 

a  maiimnm. 

Let  the  above  eipresrion  eqnal  u,  and  let 

.=  Y. 

II 

we  then  get 

n+1 
then 

du 


dn 
at  a  maximum ;  therefore 

or 


=  (drTy{<"  +  ^>i->'^"}  =  » 


lege  n  =       '— , 
n 

log«  =  /^'L±iy4843. 

The  Bolntion  of  this  e<|aatif»n  is  best  effected  by  the  "  trial "  method,  vis.  by 
giving  n  various  values  until  one  is  found  which  approximately  satisfies  the 
equation.    If  we  make  n  =  8*59,  we  get 

•55509  =  (^^"^  *  V*343  = -55027, 

which  is  sufficiently  close  for  the  purpose. 

We  have,  therefore, 

V        V 

V  =  «n,or,  «  =  -=  --, 

n      8' 59 
BO  that  practically  we  may  say — ^make  v  =   ~  . 

We  need  not  be  particular,  however,  about  making  «  exacO/ff  equal  to        , 

3'5 

as  we  could  make  it  50  per  cent,  greater  or  less  than  this  value  without  materinlly 
increasing  A.     If  the  mte  of  full  were  comparatively  quick,  there  would  be  a 

positive  advantiige  in  making  v  less  than  -—  .  as  the  greater  we  make  T  the 

3*0 

less  will  any  small  error  in  its  value  affect  the  correctness  of  F,  as  must  be  self- 
evident. 

Now,  if  R  is  adjustable,  it  is  clear  that  by  makiug  it  large  enough,  we  could 
make  T  large  without  reducing  v  too  much.  In  the  case  of  a  cable,  R,  being  the 
insulation  resistance,  is  of  course  a  fixed  quantity ;  but  when  the  measurement  is 
being  made  with  a  condenser,  any  value  may  be  g^ven  to  R  that  ia  considered 
convenient.    We  therefore  have 
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Best  Conditions  for  making  the  Test : 

435.  Make  v  as  nearly  as  possible  equal  to         .     When  it  is 

o  *  D 

possible  to  adjust  R,  make  the  latter  as  high  as  convenient. 

Possible  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  F  MiVtJ?) 

2-803  V  log- 

V 

If  the  deflections  are  read  on  a  Kelvin  galvanometer  (as  would 
usually  be  the  case)  then 

200  & 

Percentage  of  accuracy  =  F »*. 

2  •  308  V  log  -^ 

where  3  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
Y  and  v  can  be  read. 

436.  When  it  is  an  ordinary  condenser  (whose  insulation  resist- 
ance would  practically  be  inflnite)  that  is  to  be  measured,  the  con- 
nections would  be  the  same  as  those  given  in  Fig.  173,  page  345,. 
with  the  addition  of  the  resistance,  which  would  be  inserted  between 
the  terminals  of  the  condenser. 

The  instantaneous  discharge  (V)  can  be  taken  without  removing 
the  resistance ;  for,  since  the  latter  would  be  extremely  high,  there 
would  be  no  time  for  any  of  the  charge  to  have  leaked  out  through 
it  during  the  small  interval  occupied  by  the  lever  of  the  key  in 
passing  from  the  bottom  to  the  top  contact.  To  take  the  discharge 
after  the  interval  of  time,-  having  charged  the  condenser  by  pressing 
down  the  lever  of  the  discharge  key  (Fig.  176,  page  347),  we  should 
depress  the  "Insulate"  trigger,  which  would  take  the  battery  off 
but  not  discharge  the  condenser ;  then,  after  the  noted  interval  of 
time,  we  should  depress  the  "  Discharge  "  trigger,  which  would  allow 
the  charge  remaining  to  flow  out,  the  deflection  obtained  from  which 
gives  us  V, 

437.  To  measure  the  capacity  of  a  cable  by  this  method,  the 
connections  would  have  to  be  those  given  in  Fig.  198,  page  393,  and 
the  way  of  making  the  test  would  be  the  same  as  has  just  been 
explained.  R  in  this  case  would  be  the  insulation  resistance  of  the 
cable,  which  in  this  and  the  following  method  would  have  to  be 
determined  beforehand  in  the  manner  described  in  Chapter  XV. 
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Inasmnch  as  B  in  ^  cable  is  a  variable  quantity  and  is  dependent 
upon  the  time  a  charge  is  kept  in  the  cable,  a  mean  value  only  can  be 
given  to  it,  and  therefore  this  and  the  following  test  can  only  give 
the  value  of  F  approximately. 

Siemens'  Loss  of  Charge  Deflection  Method. 

438.  If  the  two  terminals  of  a  condenser  are  connected  by  a  high 
resistance  in  the  circuit  of  which  a  galvanometer  is  placed,  and  if  the 
two  terminals  he  also  connected  to  a  battery,  then  the  condenser  will 
become  charged  up,  and  the  permanent  deflection  obtained  on  the 
galvanometer  will  represent  the  potential  of  the  charge.  If  now  Uie 
battery  be  taken  off,  a  current  will  flow  from  the  condenser  throogh 
the  resistance  and  the  galvanometer,  which  current  will  continually 
decrease  in  strength  as  the  condenser  empties  itself.  But  the  current 
flowing  at  any  particular  moment  will  be  represented  by  the  deflection 
obtained  at  tfiat  moment,  and  this  deflection  will  be  the  same  as  that 
which  would  be  obtained  if  the  condenser  were  kept  continuously 
charged  to  the  potential  it  had  at  that  moment. 

The  deflection  obtained  therefore  on  the  galvanometer  when  the 
battery  is  connected  to  the  condenser,  indicates  the  potential  which 
the  latter  has  when  fully  charged,  and  the  deflection  after  any  interval 
of  time  after  the  battery  has  been  taken  off,  indicates  the  potential  of 
the  charge  remaining ;  the  capacity  therefore  is  given  by  the  formula 

T 

2-308Blog^  ■■  -^ 

d 

in  which  D  is  the  deflection  obtained  when  the  battery  is  on,  and  d 
the  deflection  obtained  after  T  seconds,  the  battery  being  off  during 
that  time.    B  is  the  resistance  in  megohms  through  which  the  charge 

flows. 

It  may  be  remarked  that  the  deflection  obtained  when  the  bat- 
tery is  on  is  not  affected  by  the  presence  of  the  condenser ;  it  would 
be  the  same  whether  the  condenser  were  connected  or  not. 

489.  The  connections  for  making  a  test  of  this  kind  would  be  as 
follows : — Bef erring  to  Pig.  178,  page  845,  the  terminal  of  Kj  which 
is  connected  to  the  top  contact  of  K^,  should  in  the  present  case  be 
connected  through  the  resistance  B  to  terminal  A  of  the  condenser ; 
the  other  connections  remain  the  same. 

440.  In  the  case  of  a  cable  where  the  flowing  out  of  the  chaige 
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takes  place  through  the  insulating  sheathing,  a  galvanometer  cannot 
be  put  in  the  circuit  of  the  flow.  To  enable,  therefore,  the  fall  of 
the  charge  to  be  observed,  a  high  resistance  in  circuit  with  the  galvano- 
meter is  connected  to  the  cable,  and  through  this  resistance  a  part  of 
the  charge  passes.  As  it  is  only  the  rats  at  which  the  fall  takes  place 
that  is  required  it  is  quite  sufficient  in  order  to  observe  this  fall,  that 
a  part  only  of  the  charge  be  allowed  to  flow  through  the  galvano- 
meter. 

If  we  call  B|  the  insulation  resistance  of  the  cable  and  B,  the 
resistance  connected  to  it,  then  the  total  resistance  through  which  the 
charge  flows  will  be 

This  quantity  must  be  Substituted  in  the  place  of  R  in  equation 
[^A],  so  that  we  have 

■p A  Tn  f 

°  2.808  ^logf     •• 

The  resistance  Bj,  it  may  be  remarked,  includes  the  resistance  of 
the  galvanometer. 

As  in  the  first  test,  it  is  necessary  that  T3i^  through  which  the 
discharge  has  to  pass,  be  sufficiently  great  to  prevent  the  flow  from 
being  too  rapid. 

For  example. 

A  cable  SO  knots  in  length  being  connected  with  a  galvanometer, 
and  a  resistance  B,,  of  4  m^ohms,  for  making  the  test  just  described, 
the  deflection  obtained  was  800  divisions  (D).  On  disconnecting  the 
battery,  the  deflection  after  30  seconds  (T)  fell  to  100  divisions  (d)  ; 
the  mean  insulation  resistance  B|  of  the  cable  was  10  m^ohms. 
What  was  the  electrostatic  capacity  (F)  of  the  cable  ? 

F -i?— -—  =9-55m.f. 

10  +  4     ^  100 
or 

^'^^  =  •818m.f.  per  knot. 


80 

441.  The  connections  for  making  this  test  would  be  as  follows : — 
Beferring  to  Fig  198,  page  898,  the  terminal  of  key  Ej,  instead  of 

2  D 
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being  connected  to  the  top  contact  of  the  discharge  key,  would 
in  the  present  case  be  connected  to  the  cable  throngh  the  resist- 
ance Bj- 

442.  A  great  advantage  which  this  test  possesses  over  the  ''  Direct 
Deflection  Method"  (page  392)  lies  in  the  fact  that  it  is  correct 
either  for  long  or  short  cables.  Discharge  deflections  from  long  cables 
do  not  correctly  represent  their  capacity,  as  a  retardation  takes  place 
which  causes  the  deflection  of  the  galvanometer  needle  to  be  leas  than 
if  this  retardation  were  absent.  By  adopting  the  fall  of  deflection 
plan  we  avoid  this  cause  of  error ;  but  as  was  pointed  out  at  the  con- 
clusion of  the  last  test,  since  R^  can  only  have  a  mean  value,  the 
value  of  F  obtained  from  the  formula  will  only  be  approximate. 

Kelvin^s  Method. 

443.  This  is  a  very  good  method,  and  it  can  be  applied  to  long 
cables  with  very  accurate  results. 

The  following  is  its  principle : — 

If  two  condensers  containing  equal  but  opposite  charges,  are  con- 
nected together,  the  two  charges  will  combine  and  annul  one  another, 
and  if  the  two  condensers,  so  joined,  are  connected  to  a  galvanometer, 
no  deflection  will  be  produced,  there  being  no  charge  left  in  either 
of  the  two.  If,  however,  the  charge  in  one  condenser  exceeds  that 
in  the  other,  then  the  union  of  the  two  condensers  will  not  entirely 
annul  their  charges,  but  an  amount  will  remain  equal  to  the 
difference  of  the  two  quantities.  This  quantity  will  deflect  the 
needle  if  the  joined  condensers  be  connected  to  the  galvanometer, 
the  deflection  being  to  the  right  or  left,  according  as  the  charge  in 
the  one  or  other  of  the  condensers  had  the  preponderance  in  the 
first  instance. 

If  then  we  know  the  capacity  of  one  condenser,  and  we  so 
adjust  the  potentials  of  the  two  that  no  charge  remains  when  they 
are  joined  together,  we  can  determine  the  capacity  of  the  other 
condenser. 

Let  Qi  and  Q2  be  the  charges  in  each ;  then 

where  F^  and  Fg  are  the  capacities  of  the  two,  and  V^  and  Vg  the 
potentials  of  their  charges. 
When  Qi  =  Qg  then 

V,F,=.V,F„ 
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or 

Fi  =  ^  F,. 

444.  An  important  element  in  this  test  is  the  adjustment  of  the 
potentials  V^  and  Vg.  Fig.  199  shows  a  method  of  making  the  test 
when  it  is  a  cable  whose  capacity  lias  to  be  measured. 

The  poles  of  the  battery  are  joined  together  by  two  resistances, 

Q S 


1 


1 


^"6  6  TOO-^Ofltf  ' 


Earth/ 


iHHHHh- 


Fig.  199. 

R^  and  Rg'  connected  to  earth  as  shown.  Then  the  potentials  at 
the  points  of  junction  of  the  battery  with  the  resistances  will  be  in 
the  proportion 

and  since 


therefore 


Fi  =  ^^  F„ 


[A] 


445.  In  making  the  test  practically,  R^  and  Rg  are  first  adjusted 
as  nearly  as  can  be  guessed  in  the  proportion  of  Fg  to  Fj ;  keys  kj 
and  k2  are  then  depressed  by  means  of  the  knob  E  ;  this  charges  the 
cable  and  the  condenser. 

E  is  now  released  so  as  to  allow  h^  and  kz  to  come  in  contact  with 
their  upper  stops ;  as  the  two  latter  are  joined  together,  the  cable 
and  condenser  become  connected  to  each  other. 


♦  Page  354. 


2  D  2 
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Key  k  is  now  pressed,  which  allows  any  charge  which  may  remain^ 
to  be  discharged  through  the  galvanometer  G.  If  no  deflection  is 
prodnoed,  then  R|  and  R^  are  correctly  adjusted,  bat  if.  not  they 
most  be  read  jnsted  until  no  discharge  is  obtained;  F^  is  then  calculated 
from  the  formula. 

For  Bxamph. 

A  cable  500  knots  long  was  joined  up  with  a  condenser  of  20 
microfarads  capacity,  and  with  resistance  coils  according  to  Eelvin's 
method  of  measuring  electrostatic  capacities.  When  B|  and  B,  were 
adjusted  to  500**  and  4400"  respectively,  no  charge  remained  in  the 
cable  and  condenser  when  the  two  were  connected  together.  What 
was  the  capacity  of  the  cable  ? 

Fj  =  ^  X  20  =  176  m.f. 


or 


176 
500 


500 


ss  *  852  mi.  per  knot. 


444.  Fig.  200  shows  the  connections  for  making  the  test  with  a 
Bymer-Jones  Universal  Shunt  (page  116)  ;  in  this  case  the  capacity 
C,  of  the  cable  is  given  by  the  formula 

Q  ^  p  10,000  -  n 
n 


^^-^ 


Fio.  200. 

447.  Fig.  201  shows  a  very  convenient  form  of  key  designed  by 
Mr.  Lambert,  which  enables  the  test  to  be  made  with  the  greatest 
facility.  By  pushing  forward  key  button  E  the  two  keys  A^,  h^ 
(Fig.  201)  are  depressed  so  that  F^  and  Fj  become  charged,  and  upon 
drawing  E  back  k^  and  h^  are  allowed  to  rise,  thus  causing  the 
charges  to  coalesce ;  finally  by  depressing  k  the  galvanometer  i& 
bror^ht  into  circuit. 
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Id  the  most  recent  form  of  ttu  piece  of  apparatus,  on  the  depres- 
aioD  of  key  k  the  cable  F,  becomes  discoDDected,  bo  that  only  the 
condenser   F,  becomes  connected  to  the  galvanometer.      Bj  this 


arrangement  any  disttitbing  force  which  may  caose  the  charge  in  the 
cable  to  vary  slightly,  and  conseqaently  to  affect  the  galvanometer,  is 
prevented  from  acting. 

448.  If  it  were  the  capacity  of  a  condenser  that  was  to  be  measured, 
then  the  connectionB  woold  be  Bimilar  to  those  in  Fig.  199,  with  the 
exception  that  the  points  there  put  to  earth  would  in  the  present  caee 
be  connected  to  the  second  terminal  of  the  condenser. 

The  resistances  Bj  and  Rg  may  be  of  the  slide  pattern,  the  alider 
being  to  earth  in  the  case  of  a  cable  test,  or  conuected  to  the  second 
terminal  of  the  condenser  in  the  case  of  a  condeuBer  test. 

449.  As  in  the  "Directdeflectionmetbod"(pfLge392),  the  test  can 

be  considerably  simplified  if  we  make  =*   (equation  [A]  page  408)  a 

multiple  of  10,  for  then  the  value  of  R,  read  oiT  from  the  resistance 
box  will  at  once  give  the  valne  of  P,.  Thns  if  F,  were  a  condenser 
of,  say  '5  microfarad,  and  if  B|  were  5000*>  the  capacity  of  F,  can 
be  read  off  directly  from  Bg  to  four  places  of  decimals. 

460.  When  a  long  cable  has  to  be  tested  by  this  method,  Hr.  A. 
Jamieson  recommends  that  K.  be  depressed  for  5  minutes  to  charge, 
and  then  raised  for  ten  seconds  for  mixing  previous  to  depressing  k. 
It  is  also  advisable  to  take  the  mean  of  several  teste  made  alternately 
with  EiDC  to  line  and  copper  to  line. 

451.  With  r^iard  to  the  be»t  conditions  for  making  tAe  test  it  is 
advisable  that  the  capacity  of  the  condenser  F,  he  as  nearly  equal  to 
F,  as  possible,  so  that  the  potentials  to  which  the  two  have  to  be 
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charged  may  not  differ  to  any  very  great  extent.  For  if  a  long  cable 
has  to  be  tested,  then  inasmuch  as  the  latter  wonld  have  to  be  charged 
to  a  potential  of  at  least  5  Danielis  so  as  to  overcome,  as  it  were,  any 
local  charge,  the  potential  to  which  the  condenser  (if  small)  would 
have  to  be  chained  would  be  very  great ;  this  would  be  liable  to  cause 
an  error  from  the  fact  that  with  a  very  high  potential  a  certain  amount 
of  the  charge  becomes  absorbed,  and  thLs  charge  would  cause  a 
deflection  of  the  galvanometer  needle  over  and  above  that  due  to  the 
simple  inequality  between  the  actual  free  quantities  in  the  two 
capacities.  This  abnormal  deflection  might  of  course  be  mistaken  as 
being  due  to  an  incorrect  adjustment  of  K^  and  Rj. 

The  values  given  to  R^  and  B^  should  be  as  high  as  possible  so 
that  their  range  of  adjustment  may  be  sufficiently  wide.  The 
battery  power  should  be  sufficiently  high  to  enable  a  perceptible 
discharge  deflection  to  be  obtained  when  R2  (the  larger  of  the  two 
resistances)  is  1  unit  out  of  exact  adjustment ;  this  is  best  deter- 
mined by  experiment. 

We  have  therefore 

Best  Conditions  for  making  the  Test. 

452.  Make  F,  as  nearly  equal  to  F^  as  possible. 
Make  B|  and  B^  ^  ^^^  ^  possible. 

Possible  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  ^^- . 

K2 


Gott's  Method.* 

458.  This  method  is  shown  by  Fig.  202 ;  it  is  carried  out  as 
follows : — 

Ri  and  Rj  are  first  adjusted  as  nearly  as  can  be  estimated  in  the 
proportion  of  Fg  to  Fj.  The  key  K  is  then  depressed  and  clamped 
down  ;  this  causes  both  the  cable  and  condenser  to  become  charged, 
since  they  are  connected  together  in  "  cascade,"  or  series.  After  an 
interval  of  five  seconds  key  k  is  depressed,  and  if  a  deflection  is 

•  *  Journal  of  the  Society  of  Telegraph-EngineerB,'  vol.  x.  p.  278.  This 
method,  ulthough  independently  devised  by  Mr.  J.  Gott,  is  practically  identical 
with  that  uf  Lord  Kelvin  desoribed  in  vol.  i.  p.  397,  of  the  same  Journal. 
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observed  on  the  galvanometer  Gr,  this  key  is  raised,  key  3K  is 
undamped  so  that  the  latter  is  pat  to  earth,  and  the  condenser  is 
short-circuited  by  means  of  its  plug  for  a  few  seconds.     R^  or  R2 


Fio.  202. 


is  now  readjusted,  and  the  foregoing  operations  again  gone  through. 
When  finally  it  is  found  that  no  deflection  on  the  galvanometer  is 
observed  on  depressing  key  A;,  then 


or 


It  is  obvious  bhat  we  must  have 


Best  Conditions  for  making  the  Test. 

454.  Make  F^  as  nearly  equal  to  F^  as  possible. 
Make  R^  and  Rg  as  high  as  possible. 


Possible  Degrei^  of  Accuracy  attainable, 

loo 


Percentage  of  accuracy  = 


«:• 


Gott*s  method  is  a  very  satisfactory  one,  and  it  possesses  the 
advantage  over  that  of  Kelvin  (page  402)  in  not  requiring  a  well- 
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inBalated  battery.  The  method  is  almost  exclusively  employed  in  the 
Gable  Department  of  Messrs.  Siemens*  Tel^raph  Works,  Charlton, 
a  slide    resistance  of    10,000**  adjustable    to  1**  being   employed 

to  give  the  ratio  ?i. 


v///////////////y/y 


Fio.  203. 


455.  Fig.  20«S  shows  the  connections  for  making  the  test  with  a 
Bymer- Jones  Universal  Shunt  (page  116)  ;  in  this  case  the  capacity, 
Gj  of  the  cable  is  given  by  the  formula 


Gi  =  F 


n 


10,000  -  n 


Muirhead's  Cobrbction  for  Gott's  Method. 


456.  Dr.  A.  Muirhead,  who  has  had  considerable  experience  of 
the  Gott  method  of  measuring  capacities,  especially  with  reference 
to  the  measurement  of  large  condensers,  points  out  that  when  a 
condenser  or  cable  which  is  subject  to  absorption  or  eleUri/kation 
(Chapter  XY.)  is  being  measured,  any  delay  in  obtaining  a  balance  or 
reading  on  the  slides,  causes  incorrect  results  to  be  obtained,  since 
the  effect  of  the  electrification  is  apparently  to  increase  the  capacity, 
according  to  the  time  the  electrification  is  allowed  to  continue. 

In  order  therefore  to  obtain  the  true  capacity  of  a  condenser  or 
cable  which  is  liable  to  this  absorption  or  electrification,  a  correction 
is  required.  To  arrive  at  this  correction  it  is  assumed  (and  probably 
correctly  so)  that  the  actual  capacity  of  the  condenser  or  cable 
changes  as  the  current  is  kept  on,  but  that  when  the  charging  batteiy 
is  taken  off  the  capacity  immediately  springs  back,  as  it  were,  to  its 
true  value,  the  potential  of  the  chcu^e  remaining  unaltered  through 
a  corresponding  portion  of  the  charge  being  re-absorbed,  this  re- 
absorbed charge  immediately  afterwards  oozing  out. 

If  the  foregoing  assumption  is  taken  to  be  accurate,  the  correction 
required  is  arrived  at  as  follows : — 
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Balance  being  obtained  on  the  galvanometer  (Fig.  202),  let  v^  be 
ihe  potential  at  the  junction  of  F^  and  Fj,  that  is  at  the  key  (k) 
contact,  and  also  at  the  junction  of  Ri  and  Bg ;  then  the  quantity 
of  charge  in  the  condenser  Fg  (in  which  no  absorption  must  take 
place  *)  is  (V  -  Vj)  F^,  V  being  the  potential  at  the  junction  of  Eg 
and  the  condenser. 

Now  if  at  the  moment  balance  is  obtained  on  the  galvanometer 
we  disconnect  the  condenser  from  B,  and  connect  it  to  earth,  then 
the  charge  in  Fg  will  combine  with  the  charge  in  F^,  and  if  these 
two  charges  were  equal,  as  would  'be  the  case  if  there  were  no 
absorption,  that  is,  if  F^  were  the  true  capacity  of  the  cable,  the 
combination  would  clear  both  cable  and  condenser;  but  inasmuch 
as  there  is  absorption  in  the  cable,  then  at  the  moment  Fg  is  dis- 
connected from  Bj,  and  the  battery  is  consequently  also  disconnected^ 
the  capacity  of  the  cable  springs  back  to  its  true  value  F^  and, 
a  corresponding  part  of  its  charge  being  reabsorbed,  the  total  charge 
in  Fj  is  less  than  it  was  before.  When  therefore  the  condenser  and 
cable  become  connected  together  as  explained,  the  combination  of  the 
charges  does  not  produce  neutrality,  but  leaves  a  small  charge  in  the 
combined  capacities,  which  charge  is  of  course  equal  to  that  re- 
absorbed by  Fj,  being  the  excess  of  the  charge  in  F,  over  that  in  the 
cable.  The  combined  capacities  of  Fj  and  Fg  being  Fi  +  Fg,  let  v, 
be  the  potential  of  the  charge  remaining,  then  the  quantity  of  this 
charge  will  be 

t;,(F,  +  Fj), 

and  this  must  be  equal  to  the  difference  between  the  charge  in  Fg, 
that  is  (V  -  Vi)  Fj,  and  the  charge  in  Fj,  that  is  v^  Fj.  We  have 
then 

therefore 

VgFj  +  v,Y^  =  VF^  -  v^Y^  -  v^Fi, 

therefore 

Fi(r,  +  t;2)  =  F2[V-(t;i  +  r,)], 

that  is 


F,  =  F,Ijli?i±A). 


Vi  +  V, 


2 


In  order  to  be  able  to  make  use  of  the  formula,  we  require  to 
know  the  value  of  v^  in  terms  of  the  slide  resistance  B^  +  B,,  since 

*  A  mioa  condenser  ({  864,  page  340)  is  neoesaary  for  thin  to  be  the  case. 
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V  and  Vj  are  respectivelj  represented  by  R^  and  Rg.     The  deter- 
mination of  ^2  may  be  effected  as  follows : — 

Immediately  after  balance  has  been  obtained  on  the  galvano- 
meter, the  connection  of  the  latter  to  the  resistances  is  shifted  to 
the  extreme  left  of  R^,  the  condenser  connection  to  Rj  is  discon- 
nected from  the  latter,  and  put  to  earth,  and  the  galvanometer  key 
k  is  depressed  ;  this  causes  the  residual  chaise  in  the  condenser  and 
cable  to  discharge  through  the  galvanometer,  producing  a  throw  of 
a  divisions  ;  the  key  being  raised  again,  the  galvanometer  connection 
is  now  shifted  from  the  end  of  R^  to  a  distance  of,  say,  r  ohms  to 
the  right ;  the  key  k  is  again  depressed,  causing  a  chai^  of  a 
potential  corresponding  to  the  resistance  r,  to  charge  the  cable  and 
condenser,  and  to  produce  a  throw  of  fi  divisions.  The  required 
value  of  V2  will  then  obviously  be 

a 

Hence,  since  R^  +  Rg  corresponds  to  V,  R^  to  Vj,  and  r  ^  to  Vj,  we 
get 

R,-hR2-(Ri-frJ)  R,-r^ 

R^^-r-^  -R,-Hr^ 

For  example. 

Balance  was  obtained  by  making  Rj  =  2000,  and  R^  =  8000. 
On  shifting  the  galvanometer  connection  to  the  end  of  R^  and 
putting  the  condenser  connection  to  earth  as  explained,  a  throw  of  80 
divisions  (a)  was  observed  when  k  was  depressed,  k  being  raised 
again,  the  galvanometer  connection  was  moved  a  distance  of  10"  (r) 
to  the  right ;  on  depressing  k  a  deflection  of  200  divisions  (fi)  was 
observed.  The  capacity  of  F2  being  10  microfarads,  what  was  the 
apparent  and  the  corrected  capacity  of  F^  ? 

Apparent  capacity  =  10—-—   =  40  microfarads. 
^^  ^    ^  2000 

8000  -  10  ^ 
Corrected  capacity  =  10  _  ^^^ 

2000  + 10  ^ 

=  10  SOOO-Hi  ^  79960  ^  39.3  ^^^f,^. 
2000  +  4        2004 
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457.  In  order  that  the  correction  may  be  properly  effected,  it  is 
very  necessary  that  all  the  operations  mentioned  be  carried  out  one 
after  the  other  as  quickly  as  possible,  otherwise  the  absorbed  charge 
will  ooze  out  and  falsify  the  results ;  a  special  form  of  key  is  therefore 
required  for  the  test.  In  the  key  designed  by  Mr.  Saunders  (shown 
in  general  view  by  Fig.  205,  page  412)  all  the  requirements  are 
satisfied.  The  way  in  which  the  connections  with  this  key  are  made 
for  the  test  is  shown  by  Fig.  204. 
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Fio.  204. 

The  manipulations  for  carrying  out  the  test  are  as  follows  : — 

Ist.  Kj  is  pressed  down ;  this  by  means  of  a  rocking  piece  b  raises 
key  Eg  ^  ^^  ^^P  contact.  Under  these  conditions  both  the  cable  and 
condenser  are  put  to  earth  (through  the  galvanometer),  thereby  ren- 
dering both  neutral. 

2nd.  Kg  is  pressed  down  ;  this  causes  K^  to  be  raised  to  its  top 
contact.  The  cable  and  condenser  are  now  joined  up  as  in  Fig.  203  ; 
the  slider  of  the  resistances  R^  R,  is  then  adjusted  until  the  equilibrium 
position  is  obtained,  i.e.  until  no  deflection  is  observed  when  key  k  is 
depressed. 

3rd.  Immediately  after  equilibrium  is  obtained,  the  slider  s  is 
moved  to  A,  and  Kg  is  raised  ;  this  causes  the  charges  in  the  cable  and 
condenser  to  combine.    After  a  few  seconds  K^  is  pressed  down ;  this 
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causes  the  reddaal  chai^  in  the  cable  and  condenBer  to  dischufe 
through  the  galvanometer,  giving  a. 

4tii.  The  elider  s  is  moved  beck  say  a  distance  of  10,  tbaC  is 
to  a,  and  E,  being  raised  k  is  depressed  ;  this  caases  a  back  rush  into 
the  cable  and  condenser  through  the  galvanometer,  prodaciag  a  throw 
which  gives  j8. 


Fio.  205. 

When  applied  to  meesnremente  of  1000  and  2000  knots  of  cable, 
Mnirhead's  method  ceases  to  yield  correct  results,  apparently  on 
account  of  the  extra  retardation  of  discharge  by  the  resiataiioe  of  the 
■conductor. 

DlVIDBJ>  GUABOB  MBTHOD, 

458.  If  a  chu^^  condenser  has  its  two  terminals  connected  to 
the  two  terminals  of  a  second  condenser,  which  contains  no  ctuuge, 
then  the  charge  will  become  distributed  over  the  two ;  and  if  the 
condenseiB  be  then  separated,  the  qnantities  held  by  them  will  be 
directly  proportional  to  their  respective  capacities.  Thus,  if  Q,  be 
the  chai^  contained  in  a  condenser  whose  capacity  is  Fj,  then  if  it  is 
connected  to  a  condenser  or  cable  whose  capacity  is  Fj,  the  quantity 
<J  which  will  remain  in  F,  will  be 

^      ^»F, +  F, 
From  this  we  get 

F,  -  F,*^' ~  ^.  [A] 

If  therefore  Qj  be  the  discharge  obtained  from  a  condenser  F^ 
when  fall,  and  Q  the  discharge  obtained  from  it  when,  after  being 
charged  from  the  same  battery,  it  is  connected  for  a  few  seconds  to 
Fi,  then  tlie  capacity  of  F^  is  given  by  the  above  formula. 
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For  example. 

A  condenser  of  ^  microfarad  capacity  (F,),  when  fully  charged 
gave  a  discharge  of  800  (Q2).  After  being  recharged  and  connected 
a  few  seconds  to  a  piece  of  cable  whose  capacity  F^  was  required,  the 
quantity  of  charge  remaining  gave  a  discharge  of  140  (Q).  What 
was  the  capacity  of  the  piece  of  cable  ? 

F,  =  i  X  i^V  ^^Q  =  -881  m.f. 
^      ^  140 

459.  The  capacity  which  the  oondenaer  F,  should  haye  in  order  that  the  test 
may  be  made  as  aoonxateLy  as  possible,  may  be  thus  arrived  at : — 

Let  there  be  an  error  X  in  F,  caused  by  an  error  —  S  in  Q  and  an  error  +  $ 
in  Q„  so  that  x  is  as  great  as  possible ;  we  then  hare 

p  4.X-F  Q,-Kg-(Q-»,p  Q»-Q  +  28. 

F,+A-b, Q^r« *^« — qzr^ — 


bnt  we  know  that 


iheielbze 


p  +X-F       0      >£  Q,-Q  +  28. 


thatia 


or,  sinoe  $  is  a  yery  small  quantity,  we  may  say 

We  have  then  to  find  the  yalue  of  Q  which  makes  X  as  small  as  possible 
Now 

(q.-q)q  =  q;\    q    +q,-q"*"^/ 

and  to  make  the  hitter  expression  as  small  as  possible  we  must  make 

L*    Q,  -  qJ 

M  ■mall  as  possible ;  that  is  to  say,  we  must  make 

Q,-Q 
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or 


therefore 


or 


that  is 


Q(V2  +  1)  =  Q,; 


^      V2  +  l~  2-4142 


It  was  pointed  oat,  howeTer,  in  a  similar  inyestigation  whioli  we  made  in 
f  147»  page  14.%  that  praotioally  we  may  say,  make^ 

or,  in  other  words,  the  capaoity  of  F,  should  be  sueh  that  when  it  is  oonneoted 

to  F,  it  should  lose  two-thirds  of  its  charge.     This,  of  oonrse,  is  obtained  by 

F 
making  F«  eqnal  to  -^. 

460.  The  connections  for  the  practical  ezecntion  of  the  test 
would  be  very  similar  to  those  shown  in  Fig.  178,  page  345,  but  the 
condenser  or  cable  under  trial  would  be  substituted  in  the  place  of  the 
battery.  When  it  is  a  cable  whose  capacity  is  being  measured,  then 
terminal  B  would  be  put  to  earth,  and  the  wire  shown  as  leading 
from  B  to  the  battery  would  be  removed.  The  test  would  then  be 
made  in  the  following  manner : — 

Key  Kg  being  pressed  down  so  as  to  hitch  on  the  "  Insulate " 
trigger  (Fig.  176,  page  347),  the  condenser  C  would  be  charged 
by  touching  the  terminals  A  and  B  with  the  wires  from  the  two  poles 
of  the  battery.  The  **  Discharge  "  trigger  of  the  key  then  being  de- 
pressed, the  dischaige  Q2  is  noted.  The  key  then  being  again  placed 
at  "  Insulate,"  and  the  condenser  again  charged  up  by  the  battery,  the 
key  would  be  pressed  down  on  to  its  bottom  contact ;  this  puts  the 
condenser  C  in  connection  with  the  trial  condenser  or  cable.  The 
"  Discharge  "  trigger  then  being  pressed,  the  discharge  Q  is  noted. 


Best  Conditions  for  making  the  Test 

F 
461.  Make  F2  as  nearly  equal  to  -^  as  possible. 
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Possible  Degree  of  Accuracy  attainable. 
From  equation  [B]  (page  413)  it  follows  that 

Percentage  of  accuracy  =  ^  ^^    ^^   , 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
Q  and  Q2  can  be  read. 

462.  By  a  modification  of  the  foregoing  method,  due  to  the  late 
Dr.  Siemens,  a  comparatively  small  condenser  may  be  uBed  for 
measuring  large  capacites.    It  may  be  called 

Siemens'  Diminished  Chaboe  Method. 

If  we  connect  a  condenser  to  a  charged  cable,  the  latter  loses  the 
amount  which  the  condenser  takes  up,  and  if  the  condenser  be  dis- 
charged and  then  again  connected  to  the  cable,  and  again  discharged, 
and  this  process  be  repeated  several  times,  the  quantity  in  the  cable 
can  be  definitely  diminished  as  much  as  we  like.  The  quantity  removed 
each  time,  however,  is  not  the  same,  but  becomes  less  and  less  after 
each  discharge. 

Let  Q2  be  the  quantity  contained  in  the  condenser,  and  Q^  the 
quantity  contained  in  the  cable,  when  the  two  are  charged  full  from 
die  same  battery  ;  then 

Q2  :  Qi  : :  F2  :  F^, 
or 

Q,  =  Q2  J;. 

Supposing  now  the  cable  to  be  completely  charged,  the  battery  taken 
off,  and  the  condenser  to  be  empty,  then  on  connecting  the  condenser 
to  the  cable,  the  charge  the  former  will  take  will  be 

^^  Fi  +  F2       ^'  F2       Fi  +  Fg       ^2  FT+Tj' 
whilst  the  quantity  remaining  in  the  cable  will  be 

Q         ^L 
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On  diflcharging  the  condenser  and  connecting  it  a  9$cond  tune  to 
the  cable,  the  chai^  it  will  take  will  be 

Pi  ^  V        F,      ,  ft_  Fj  ^       F,       ^       F. 


^1  "I?       1     tT    ^    -ri       r"rr    ~    ^62  -rT    ^ 


Pi  +  F,      Pi  +  F^      ^^  Fj      F,  +  Fi      Fi  +  F, 


"^^(ft+t;)  • 


consequently  after  the  nth  application,  the  charge  Q  it  will  take  will 
be 


therefore 


Q-Q,( 

>Fi  +  F, 

Fx 

^i  +  F, 

-VQ 

V<5 

from  which 

V,  -  y.      VQ li^ 

A  condenser  of  1 '  0  microfarad  capacity  (F,)  when  fall,  gave  a  dis- 
charge equal  to  800  (Qg).  A  cable  whose  capacity  was  required  was 
charged  from  the  same  battery  which  was  employed  to  charge  the 
condenser.  The  latter  was  then  alternately  connected  to  the  cable, 
removed,  and  discharged,  16  times  (/t)  ;  on  the  sixteenth  occasion  the 
discharge  was  noted,  and  it  was  found  equal  to  88  (Q).  What  was  the 
capacity  of  the  cable  ? 

Fi  =    „  iL^ =  11-97  mi. 

468.  In  order  to  make  this  test  as  accurately  as  possible  when 
it  is  applied  to  a  cable,  the  repeated  charges  and  discharges  most 
be  made  with  as  little  loss  of  time  as  possible,  as  leakage  of  the  charge 
is  always  going  on  through  the  insulating  sheathing  of  the  cable,  and 
absorption  is  also  taking  place ;  the  accuracy  of  the  test  depends  upon 
the  leakage  and  absorption  being  nothing,  or  at  least  very  small. 

464.  The  connections  for  making  the  test  are  simnar  to  those 
employed  in  the  foregoing  one,  and  it  is  carried  out  in  the  same  way, 
with  the  exception  that  the  trial  condenser  or  cable  and  not  the 
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fitandard  oondeDser,  shonld  be  charged  from  the  battery,  and  in 
taking  the  repeated  dificharges  the  galvanometer  should  be  short- 
circoited. 


Best  Conditions  far  making  the  Test 

F 
465.  Make  n  eqnal  to  1*278  =^  approximately. 

This  may  be  proyed  as  followB : — 

In  order  to  determine  F,  as  aooorately  as  possible  from  the  equation 

Fi  = Ix ,    that  is,    F,  = ?» 


</t-^       (If- 


1 


we  must  determine  (^)"  m  aocnrately  as  possible. 

Let  l^)"  equal  ^,  and  lei  there  be  a  small  plus  error  8  in  Q,,  and  a  small 
minus  error  8  in  Q,  and  let  there  be  a  corresponding  error  Xj  in  k,  that  is,  let 


therefore 


Now 


therefore 


-(^<fH:r*)-'-[(:-;|)l.]. 


but  BDMe  t  is  Teiy  snuJl,  we  get 


'  •  ~  Q,\      n      /' 

h"  •4-1 
'    To  make  Aj  a  minimum  we  must  make  3—  a  minimum ; 


t 


Jk-»4-l 
u  = ■ — 


2  E 
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than 

an      fr 

at  a  minimiim ;  therefore 

*log,fc4-l  +  ft»=0, 
or 

log,  fc-  +  1  4-  fc"  =0, 
or 

iogft" +(!  +  &•)*  4818=0. 

The  adntioii  of  this  equation  may  be  obtained  by  the  **  trial"  methodl,  U 
giring  ft"  Tarions  Talnes  until  one  is  found  which  appraximataly  MtiiABB  the 
equation.  If  we  make  k'*  equal  to  *  27846  the  equation  will  be  tery  nearly 
■atisfledffor 

log  ^279^6  =1-4447628  =  -  '5659812. 


and 

Now 


therefore 


henoe 


n  = 


(1  +  '27846)  -4848  =  5552852. 

(™--^  V='k"  = '27846; 
^  log,  '27846  _.  -'5552872  X  2-808  _   1278   . 

"^'T^'   >'«-Fr+F-;    '"^'Hr'' 


expanding  by  Taylor's  theorem,  we  get 

1-278 


n  = 


^;-Ur;M(r:)"-*' 


F 

and  negleoting  squares  and  higher  powen  of  ^,  whioh  we  may  do  for  an  approxi- 

mation,  we  get 

^^lj278^  1-278  |s. 
El  F, 

F, 

For  eaoampU, 

It  being  required  to  measure  the  exact  electroetatio  capacity  of  a  cable 
whose  capacity  was  12  mioro&rads  (F,)  approximately,  a  condenser  of  1  miero- 
fkrad  (F,)  was  used  for  the  purpose.  How  many  times  should  the  condenser  be 
applied  to  the  cable  in  order  that  the  test  may  be  made  with  the  greatest  chance 
of  obtaining  an  accurate  result  ? 

n=l-278y  =  15. 
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PosstbU  Degree  of  Accuracy  attainable. 


Percentage  of  accuracy  =  -  .  ^^'^-  T     ^      100, 


8    (Q2+Q)Q8"' 


where  3  is  the  fiaction  of  a  division  to  which  each  of  the  deflections 
Q  and  Q2  can  be  read. 


Capacity  Mbasitrements  of  Long  Submarine  Cables. 

466.  With  reference  to  the  exact  measnrement  of  the  capacity  of 
long  sabmarine  cables,  Mr.  J.  Elton  Yonng  points  out  *  that  there 
are  several  sources  of  error  which  require  to  be  guarded  against,  and 
for  which  corrections  require  to  be  made  if  accuracy  is  to  be  ensured. 
In  balancing  a  cable  against  a  paraffin  condenser,  if  they  both  have 
the  same  rate  of  absorption  there  will  be  no  apparent  variation  of 
results  with  the  time  of  charging.  This,  however,  is  not  usually  the 
case,  for  not  only  do  the  specific  absorptive  capacities  of  paraifin 
and  gutta-percha  differ,  but  the  conductor  resistance  of  a  long  cable- 
greatly  modifies  its  rate  of  absorption,  at  all  events  near  the  begin- 
ning of  charge  or  discharge.  Thus,  assuming  that  comparisons  are- 
made  by  the  Kelvin  or  Gott  methods,  there  will  be  a  divergence 
of  results  with  different  times  of  chaise — quite  independently  of  that 
due  to  true  leakage  effects,  which  also  require  to  be  taken  into 
account. 

Besides  this  effect  of  time,  there  is,  moreover,  that  of  temperature 
to  be  noticed.  The  absorptive  capacity  of  both  gutta-percha  and 
paraflin  is  augmented  by  fall  of  temperature,  thus  causing  an  increase 
in  their  apparent  capacities.  This  variation  is  less  appreciable  than 
that  due  to  time,  being  in  fact  merely  the  increment  of  an  increment. 
Thus  in  the  case  of  paraffin  the  temperature  effect  is  to  increase  the 
capacity  by  only  0*025  per  cent,  per  fall  of  1°  C,  whilst  the  rate  at 
which  it  affects  gutta-percha  (although  in  the  same  direction)  is  so 
small  that  up  to  the  present  it  has  not  been  determined.  Still  it 
cannot  be  regarded  as  negligible  when  we  are  seeking  the  maximum 
accuracy  attainable,  and  dealing  with  cables  of  many  hundreds  of 
microfarads  capacity,  submerged  at  depths  such  that  their  tempera- 
ture falls  by  some  35"  below  the  standard  75°  of  the  factories.    In 

*  *  ProoeediDgs  of  the  Institution  of  Eleotrioal  Engineers/  vol.  xxviii. 

2  £  2 


420  HANDBOOK  OF  ELECTRICAL  TESTING. 

the  case  of  ordinary  paraffin  condensers  when  employed  for  aocunite 
measurement,  the  rate  of  absorption  as  a£Fected  by  temperature  is  a 
factor  requiring  careful  allowance  to  be  made  for  it ;  though  in  the 
compensated  standards,  partly  of  paraffin  and  partly  of  shellac,  con- 
structed by  Dr.  Muirhead,  the  opposite  behaviour  of  the  shellac 
neutralises  their  temperature  variation. 

Mr.  Young  finds  that  a  modified  Kelvin  test  (page  402)  gives 
very  satisfactory  results.  In  this  method  both  leakages  and  absorp- 
tions are  balanced  by  observation  and  adjtutmmt  during  charging, 
absorption  in  this  case  being  treated  as  apparent  improvement  of 
insuliUion  resistance.  That  is  to  say, 'the  condensers  are  shunted 
by  a  resistance  which  is  adjusted  till  it  approximately  balances  the 
apparent  insulation  resistance  of  the  cable  at  any  time  during  charge. 
The  connections  for  charging  are  those  of  €rott*s  method  (page  406), 
with  this  important  difference,  that  the  key  k  (Fig.  202)  is  closed 
during  the  charge.  The  effect  of  this  is  to  keep  the  potential  of 
the  point  of  junction  of  the  condenser  and  cable  constant,  as  in 
the  Kelvin  balance,  while  at  the  same  time  the  deflection  on  the 
galvanometer  shows  whether  or  not  there  is  a  balance  of  (apparent) 
insulation  resistances  in  the  bridge  system.    Since  this  balance  is 

required  to  be  such  that    -.«=!,  B  being  the  shunt  resistance 

across  the  condenser,  and  R<  the  insulation  resistance  of  the  cable, 

R       F 
the  balance  must  be  observed  when  ^  =  - 1-  nearly  ;  that  is  to  say, 

we  must  commence  with  an  approximately  correct  position  of  the 
slide  resistance  slider ;  then  R,  the  leakage  shunt  across  the  con- 
densers, is  adjusted  till  the  galvanometer  shows  a  resistance  balance, 
as  nearly  as  possible,  at  the  end  of  any  desired  time  of  charging. 
For  this  purpose  a  set  of  plumbago  resistances  is  useful,  or  a  rough 
result  may  be  obtained  by  means  of  a  pocket-handkerchief,  applied 
more  or  less  closely,  across  the  terminals  of  the  condenser,  as  re- 
quired ;  but  it  is  preferable  to  estimate  approximately  the  proper 
resistance  and  to  arrange  it  beforehand. 

Having  thus  charged,  and  balanced,  the  apparent  insulation 
resistances  by  observation,  the  test  proceeds  in  the  same  way  as  in 
the  Kelvin  method,  viz.  by  short-circuiting  and  mixing  the  charges, 
and  observing  if  any  outstanding  quantity  remains  on  earthing  the 
junction  of  the  two  capacities  through  the  galvanometer.  An 
additional  advantage  over  the  original  Kelvin  arrangement  is  that 
there  is  no  serious  vitiation  of  results  by  battery  leakage.  Moreov^, 
Mr.  Young^s  method  admits  of  allowance  being  made  for  "cable 


AIKASUBKMBNT  OF   ELECTROSTATIC   CAPACITY.  421 

current "  by  false  zero  observation,  a  most  important  point  on  long 
sabmarine  lines.  It  should  be  remarked  that  in  the  modified,  as  in 
the  original  method,  the  mixing  period  most  be  sufficiently  prolonged 
to  discharge  the  cable,  or  variable  results  will  ensue.  On  a  section 
of  1850  knots  Mr.  Young  found  15  seconds'  mixing  sufficiently  long, 
within  the  limits  of  appreciation,  even  after  a  full  minute's  charging 
— ^i.e.  there  was  no  difference  between  a  15  and  25  seconds'  mixing 
interval. 

By  means  of  a  measurement  thus  carried  out,  it  is  possible  to 
arrive  at  the  same  result  for  all  times  of  charge,  and  for  any  values  of 
the  dielectric  resistance,  and  to  dispense  with  all  calculated  allowances 
for  leakage.  Thus  the  desired  uniformity  of  results  is  ensured  taking 
the  constant  values  of  the  balancing  condensers,  determined  by  Muir- 
head's  method  as  a  basis.  The  condensers  should  be  marked  with 
these  values,  as  well  as  with  the  temperatures  at  which  they  were 
measured.  Care  must  then  be  taken  to  correct  the  condensers  for 
their  temperature  changes  by  means  of  the  coefficients  furnished  by 
Muirhead.  It  only  remains  to  determine  the  very  small  coefficient  of 
temperature  variation  applicable  to  the  specific  inductive  capacity  of 
gutta-percha ;  this  has  yet  to  be  done. 

467.  The  importance  of  being  able  to  determine  accurately  th 
capacity  of  a  cable  will  be  evident  if  it  be  remembered  that  on  ocean 
cables  a  microfarad  means  some  8  nautical  miles ;  so  that  a  mistake 
of  1  per  cent,  in  the  distance  to  a  sealed  break,  on  a  section  of,  say, 
700  microfarads — if  for  any  reason  localisation  from  the  other  end 
were  impracticable,  as  sometimes  happens — would  amount  to  an  error 
of  20  knots. 
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CHAPTER  XIV. 


THE  KELVIN  QUADRANT  ELECTROMETER. 


lAC^QIOIOk; 


ct  c 


468.  This  is  a  most  valaable  and  ofiefnl  instrument  foraocuiatelj 
measuring  potentials. 

Dbscription. 

Fig.  207  (page  428)  gives  a  general  view  of  the  instrument. 
In  the  small  figure  to  the  right>  n  n  is  a  thin  needle  of  sheei 
aluminium  shaped  like  a  double  canoe-paddle.    It  is  rigidly  fixed  at 
its  centre  to  an  axis  of  stiff  platinum  wire  k  (Fig.  206)  in  a  plane 

perpendicular  to  it.  Atthetopendof  the  wireasmall 
/T"^  cross  piece  t  is  fixed,  to  the  extremities  of  which  sin^ 
/  w  Y  cocoon  fibres  are  attached.  These  fibres  are  fixed  to 
small  screws  c  and  dy  bj  the  turning  of  which  the 
length  of  the  former  can  be  altered.  The  small  screws 
a  and  h  enable  the  screws  c  and  d  to  be  shifted  eith» 
to  the  right  or  left.  Finally,  by  turning  e,  the  screws 
a  and  h  can  be  parted  more  or  less,  thereby  separating 
the  threads  of  suspension,  and  rendering  tlie  tendency 
of  the  needle  to  lie  in  its  normal  position  more  or  leas 
powerful. 

A  little  below  the  cross-piece  i  is  fixed  the  mirror  m, 

whose  movements  are  reflected  on  a  scale,  as  in  a 

Kelvin  galvanometer  (page  51).     The  platinum  wire 

below  the  mirror  passes  through  a  guard  tube,  t  (Fig. 

207)  to  prevent  any  great  lateral  deviation  of  the 

needle  and  its  appendages,  which  might  cause  damage  should  the 

instrument  receive  any  rough  usage.    The  guard  tube  itself  is  fixed 

to  the  framework  from  which  the  needle  is  suspended. 

It  will  be  seen  in  the  figure  that  the  needle  is  suspended  appar- 
ently, beneath  four  quadrants  {q\  A,  B,  C,  and  D.  There  are, 
however,  also  four  quadrants  below  the  needle,  united  to  the  top 
ones  at  their  circumferences.  The  arrangement  is  in  fact  a  round, 
flat,  shallow  box  cut  into  four  segments. 

The  alternate  segments  are  connected  together  by  wires  ae  shown 
in  the  figure. 


Fig.  206. 
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Now,  if  the  needle  is  electrified  and  the  quadr&nUi  are  in  their 
normal  unelectrified  condition,  and  are  placed  aTmmetricallf  with 
reference  to  it,  no  effect  will  be  produced  on  the  needle.  That  is  to 
Bay,  the  spot  of  light  on  the  scale  will  be  Btationat7  exactly  at  the 
centre  line. 


But  if  the  quadrant  1>,  and  consequently  A,  be  electrified,  then 
an  attraction  or  repulsion  wUl  be  exerted  on  the  needle,  causing  it 
to  turn  through  an  angle  proporUonal  to  the  potential  of  the 
elecbicity. 

As  the  angular  movementa  are  very  small,  the  number  of  divisions 
of  dieflection  on  the  scale  nill  directly  represent  tjie  degree  of 
potential  which  the  quadrants  posseae. 

Another  electrified  body  can  be  connected  to  G  and  B ;  the 
needle  will  then  move  under  the  influence  of  both  forces. 
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To  render  the  instrament  of  practical  valne,  several  conditiois 
most  be  assured. 

Let  OS  suppose  the  needle  to  be  electrified. 

The  mj  of  light  should  point  normally  to  the  centre  line  on  the 
scale,  and  to  ensure  this,  the  quadrants  must  be  symmetricallj  placed. 
This  can  be  done  roughly  by  hand,  as  means  are  provided  for 
enabling  the  quadrants  to  slide  backwards  or  forwards,  and  to  be 
fixed  by  means  of  small  screws,  shown  in  the  large  figure.  For 
obtaining  the  final  positions,  one  of  the  quadrants  (B)  is  provided 
with  a  micrometer  screw  (^),  which  enables  a  fine  adjustment  to  be 
given  to  it. 

It  is  also  necessary  to  have  means  of  keeping  the  needle  at  one 
uniform  potential  for  a  considerable  period. 

The  needle  itself  could  only,  contain  a  very  small  charge  of 
electricity,  and  a  slight  escape  of  this  would  seriously  lower  the 
potential,  and  make  a  series  of  measurements  incomparable  with  each 
other;  for  it  is  evident  that  the  utility  of  the  instrument  depends 
upon  the  potential  of  the  needle  remaining  constant  during  the  time 
a  set  of  experiments  are  being  made. 

To  get  over  this  difficulty  a  large  glass  jar,  Uke  an  inverted 
shade,  is  provided,  partially  coated  with  strips  of  tin-foil  (/)  outside. 
Inside  the  jar,  to  about  a  third  of  its  height,  strong  sulphuric  acid 
is  placed.  This  answers  a  three-fold  purpose.  It  enables  the  air 
inside  it  to  be  kept  quite  dry,  thereby  very  perfectly  keeping  those 
parts  insulated  which  require  to  be  so ;  secondly,  it  holds  a  charge 
of  electricity  (acting  as  the  inner  coating  of  the  jar)  ;  and  thirdlyt 
it  allows  the  charge  to  be  communicated  to  the  needle  without  im- 
peding its  movements,  this  being  effected  by  means  of  a  fine  platinum 
wire,  which  is  attached  to  the  lower  end  of  the  thick  wire  which 
supports  the  needle  and  mirror.  The  wire  dips  into  the  acid,  a  por- 
tion of  the  charge  of  which  is  thereby  communicated  to  the  needle. 

To  keep  the  wire  from  curling  up  out  of  the  acid,  and  also  to 
steady  the  movements  of  the  needle,  a  small  plummet  of  platinum  is 
attached  to  the  end  of  the  wire,  as  will  be  seen  in  the  figure. 

A  thick  platinum  wire,  fixed  to  the  lower  extremity  of  the  guard 
tube  ^,  and  reaching  nearly  to  the  bottom  of  the  jar,  is  for  the 
purpose  of  enabling  the  latter  to  be  charged,  in  a  manner  to  be 
explained. 

So  far,  the  jar  answers  the  purpose  of  keeping  the  needle  supplied 
with  electricity ;  but  although  this  may  prevent  the  potential  from 
falling  very  rapidly,  it  will  not  prevent  its  doing  so  entirely. 
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The  Eeplenisher. 

469.  As  the  instrument  is  extremely  sensitive  to  very  slight 
changes  of  potential,  some  means  are  required  by  which  any  small 
loss  can  easily  be  supplied  without  there  being  any  fear  of  over- 
charging. 

This  is  effected  by  means  of  the  "  replenisher^'^  whose  principle 
may  be  explained  by  the  small  figure  to  the  left  in  Fig.  207. 

A  and  B  are  two  curved  metal  shields,  one  of  which  (say  A) 
is  connected  to  the  acid  in  the  jar,  and  the  other,  B,  to  the  frame- 
work of  the  instrument,  and  through  it  to  the  foil  outside  the 
jar. 

b  and  b  are  two  metal  wings  insulated  from  one  another  by  a 
small  bar  of  ebonite,  which  is  centred  at  «,  so  that  it  turns  in  a  plane 
represented  by  the  paper.  The  spindle  is  represented  in  the  large 
figure  by  «,  other  parts  being  omitted  for  simplicity. 

It  will  be  observed  that  the  wings  curve  outwards.  This  is  done 
in  order  that  they  may  make  a  short  contact  in  their  revolution  with 
springs  c  c  and  ee.  c  and  c  are  connected  together  permanently,  but 
are  insulated  from  the  rest  of  the  apparatus,  e  and  e  are  connected 
to  the  shields  A  and  B  respectively. 

Suppose  now  the  wings  to  be  rotated  in  the  reverse  direction  to 
that  in  which  the  hands  of  a  watch  turn. 

As  soon  as  the  left-hand  wing  comes  in  contact  with  the  spring 
c,  at  the  lower  part  of  the  figure,  the  right-hand  wing  comes  in  con- 
tact with  the  other  spring.  The  two  wings  being  thus  connected 
together,  and  under  the  influence  of  the  shields,  the  electricity  in  A, 
which  we  will  call  positive,  draws  negative  electricity  to  the  wing 
close  to  it,  and  drives  the  positive  to  the  other  wing. 

^  On  being  rotated  a  little  further  the  wings  clear  the  springs,  and 
being  thus  disconnected,  each  wing  retains  its  charge. 

Continuing  the  rotation,  the  right-hand  wing,  which  had  the 
positive  charge  communicated  to  it,  comes  in  contact  with  the 
spring  e  of  shield  A,  and  the  charge  is  communicated  to  the  jar, 
the  negative  electricity  in  like  manner  on  the  other  wing  running 
to  the  outer  coating  of  the  jar.  The  shields  are  now  in  a  neutral 
condition,  as  at  first,  and  on  continuing  the  rotation  the  process  is 
repeated. 

Thus  every  turn  increases  the  potential  of  the  charge  in  the  jar, 
and  by  continuing  the  rotation  we  can  augment  this  as  much  as  we 
please. 
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By  reversing  the  motion  the  charge  can  be  diminished,  if 
necessary. 

The  axis  of  the  replenisher  projects  above  the  main  cover,  and 
is  easily  turned  by  the  finger. 

The  Gauge. 

470.  In  order  to  determine  whether  the  potential  of  the  charge 
in  the  jar  remains  constant,  a  small  gauge  is  provided. 

The  gauge  consists  of  two  metallic  discs  having  their  planes 
parallel  and  close  to  each  other.  The  lower  of  these  planes,  which 
will  be  seen  dotted  at  the  upper  part  of  the  figure,  is  in  electrical 
connection  with  the  acid  of  the  jar,  from  which  it  takes  its  potential. 
The  upper  disc  is  perforated  with  a  square  hole  immediately  over  the 
centre  of  the  lower  disc. 

A  light  piece  of  aluminium,  shaped  like  a  spade,  has  the  part 
corresponding  to  the  blade  fitting  in  the  square  hole.  At  the  point 
where  the  handle  would  be  joined  to  the  blade  this  spade  is  hinged, 
by  having  a  tightly  stretched  platinum  wire  fixed  to  it,  which  runs 
at  right  angles  to  the  handle  and  blade,  and  lies  in  the  same  plane 
as  the  latter. 

When  the  lower  plate  is  electrified,  it  attracts  the  blade,  thereby 
tending  to  raise  the  end  of  the  handle.  So  that  if  we  notice  the 
position  of  the  end  of  the  handle  with  respect  to  a  mark,  and  see 
that  it  moves  above  or  below  it,  we  know  that  the  electricity  of  the 
lower  plate  is  either  overcoming  the  tendency  of  the  light  platinum 
wire  to  keep  it  up,  or  is  unable  to  do  so. 

If  then  we  charge  the  jar  to  such  a  potential  that  the  handle  is 
i^ituated  close  to  the  mark,  and  it  remains  so,  the  potential  of  the  jar 
is  constant ;  should  the  handle  sink  below  the  mark,  the  potential 
of  the  electricity  in  the  jar  is  falling ;  but  a  few  turns  of  the  re- 
plenisher will  bring  it  up  again. 

In  the  actual  arrangement,  the  rung  of  the  handle  is  formed  of  a 
fine  black  hair. 

Inside  the  handle  a  small  pillar  is  fixed ;  this  pillar  has  two  black 
dots  on  it.  The  sign  of  division  -4-  represents  this,  the  line  being 
the  hair  which,  by  the  movement  of  the  spade  blade,  rises  above  or 
below  the  two  dots,  which  are  actually  close  together. 

To  enable  the  hair  and  spots  to  be  seen  distinctly,  a  plano- 
convex lens  is  placed  a  little  distance  off.  Care  must  be  taken,  in 
order  to  avoid  parallax  error,  to  keep  the  line  of  sight  normal  to  the 
centre  of  the  lens. 
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With  reference  to  the  lower  disc,  which  becomes  electrified  by 
the  jar,  and  which  acts  on  the  spade  blade,  it  is  evident  tluub 
if  the  distance  between  the  plates  remains  unaltered  and  the  elas- 
ticity of  the  platinum  axial  wire  is  also  unchanged,  then  to  keep 
the  hair  between  the  two  spots  is  to  maintain  the  jar  at  a  fixed 
potential. 

The  potential,  although  fixed  for  one  set  of  experiments,  may 
require  to  be  altered  for  another  series,  and  this  is  provided  for  by 
enabling  the  lower  disc  to  be  lowered  by  screwing  it  round. 


The  Induction  Plate. 

471.  To  enable  high  potentials  to  be  measured,  an  ^^  induction 
plats  ^"^  is  added.  It  consists  of  a  thin  brass  plate,  smaller  in  area 
than  the  top  of  the  quadrant  beneath  it,  and  supported  from  the 
main  cover  by  a  glass  stem.  It  is  provided  with  an  insulated 
terminal  I.     The  use  of  the  plate  will  be  explained  later  on. 

472.  A  flat  brass  plate  covers  the  mouth  of  the  jar,  and  is 
secured  to  it  so  as  to  be  air-tight  and  prevent  the  entrance  of 
moisture. 

A  lantern  rises  from  the  middle,  which  covers  the  mirror  and 
its  suspending  arrangements,  and  above  this  a  box  with  a  glass 
lid  protects  the  gauge. 

The  front  of  the  lantern  is  of  glass,  which  allows  the  ray  of 
light  to  fall  on  the  mirror  and  be  reflected  back  on  the  scale. 

Terminal  rods  or  electrodes,  in  connection  with  each  set  of 
•quadrante,  pass  through  ebonite  colunms  to  the  outside  of  the  case, 
and  have  terminals  attached  to  them.  These  electrodes  can  be 
pulled  up  and  disconnected  from  the  quadrants  if  necessary. 

A  charging  rod  (seen  in  Fig.  207,  page  428,  to  the  left  of  the 
left-hand  quadrant  terminal)  is  also  provided ;  this  can  be  turned 
round  on  its  axis.  It  has  at  its  lower  end  a  small  spring,  fixed  at 
right  angles  to  the  rod.  By  turning  this  terminal  rod  round,  the 
spring  can  be  brought  into  contact  with  the  framework  from  which 
the  needle  is  suspended,  and  thereby,  through  the  medium  of  the 
guard  tube  and  the  platinum  wire  attached  to  it,  the  acid  in  the 
jar  can  be  charged.  When  this  is  done,  the  spring  is  moved  away, 
so -that  no  accidental  leakage  can  take  place  through  it. 

Various  insulating  supports  are  provided  inside  the  jar  and 
lantern.  One  supports  the  guard  tubes  and  the  adjusting  screws 
of  the  quadrant ;  others  support  the  quadrants. 
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The  whole  arrangement  b  supported  by  a  tripod  on  a  metal 
iae,  to  keep  it  steady.  There  are  also  levelling  screws,  aod  a 
level  on  the  brass  cover,  to  enable  the 
instnunent  to  be  properly  levelled,  so  that 
the  axis  of  the  needle  may  swing  clear  of 
the  gnard  tube. 

H  is  a  screw-capped  opening  throng 
which  acid  can  be  introdaced  into  the  glas 
jar. 

Bm,fTa*ng  Key. 

Fig.  208  represents  a  reversing  key 
which  la  specially  adapted  for  use  with  the 
instrument. 


To  Set  up  the  Elbctbombtbb. 

473.  In  setting  up  the  instnunent  for  nsc  the  following  instruc- 
tions* should  be  followed. 

The  cover  being  unscrewed  and  lifted  off  and  supported  about 
18  inches  above  the  table,  it  will  be  observed  that  the  stiff 
platinnm  wire  to  which  the  needle  is  attached  jnst  appears  belov 
the  narrow  guard  tnbe  eDclosing  it  in  the  centre  of  the  quadnnta, 
and  terminates  in  a  small  hook.  The  loop  at  the  end  of  the  fine 
platinum  wire  is  to  be  slipped  over  this  hook,  so  that  the  fine  wire 
and  plummet  may  hang  from  it.  The  wide  guard  tnbe,  when  in 
its  proper  position,  forms  a  continuation  of  tlie  upper  guard  tube, 
so  as  to  enclose  the  fine  platinnm  wire  jnst  suspended.  It  must 
therefore  be  passed  upwards  over  the  suspended  wire,  and  neck 
foremost,  until  the  neck  embraces  the  lower  part  of  the  upper 
guard  tube,  where  it  must  be  fixed  by  the  screw  pin  [novided 
for  the  purpose ;  this  pin  is  screwed  in  by  means  of  one  of  the 
square-pointed  keys,  supplied  with  the  instrument,  fitting  the 
square  hole  in  its  head.  This  being  done,  replace  and  fasten  the 
cover,  place  the  instrument  on  a  sheet  of  ebonite  or  block  of  paraffin 
wax  so  as  to  insulate  it,  and  level  up  bv  means  of  the  cinnibr 
spirit  level  on  the  cover. 

Next  unscrew  and  lift  off  the  lantern,  and,  if  necessary,  adjust 
the  four  quadrants   ao  that   they  bang  properly  in   tlieir  places^ 

*  Frcna  inttruotioiu  dnwa  up  bf  tlie  Ute  Hr.  W.  L«'tcb. 
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with  their  upper  surfaces  in  one  horizontal  plane.  The  needle  and 
mirror  which  have  been  secored  during  transit  by  a  pin  passing 
through  the  ring  in  the  platinum  wire  just  above  the  guard  tube,  and 
screwed  into  the  brass  plate  behind,  must  now  be  released  by  un- 
screwing this  pin  with  the  long  steel  square-pointed  key,  and  placing 
it  in  the  hole  made  for  it  in  the  cover  just  behind  the  main  glass  stem 
to  prevent  it  being  lost.    The  needle  will  now  hang  by  the  fibres. 

The  two  quadrants  in  front  of  the  mirror  should  now  be  drawn 
outwards  from  the  centre  as  far  as  the  slots  allow,  by  sliding  outwards 
the  screws  from  which  they  hang,  and  which  project  above  the  cover 
of  the  jar  with  their  nuts  resting  upon  flat  oblong  washers ;  a  better 
view  will  thus  be  obtained  of  the  needle.  The  surfaces  of  the  latter 
ought  to  be  parallel  to  the  upper  and  under  surfaces  of  the  quadrants 
and  midway  between  them.  This  will  be  best  observed  by  looking 
through  the  glass  of  the  jar  just  below  the  rim.  If  the  needle  re- 
quires to  be  raised  or  lowered,  it  is  done  by  winding  up  or  letting  down 
the  suspending  fibres,  that  is  by  turning  the  proper  way  the  small 
pins  e,  d  (Fig.  206,  page  422).  The  suspending  wire  which  passes 
through  the  centre  of  the  needle  should  also  be  in  the  centre  of  the 
quadrants.  This  is  best  observed  when  the  quadrants  have  been 
moved  to  their  closest  position.  The  fourth  quadrant  is  moved  out 
or  in  by  the  micrometer  screw  17  (Fig.  207,  page  428),  whose  graduated 
disc  overhangs  the  proper  edge  of  the  cover.  A  deviation  of  the 
suspending  wire  from  its  proper  central  position,  as  was  explained  at 
the  beginning  of  the  chapter,  may  be  corrected  by  means  of  the  small 
screws  a,  &,  ^,  and  d  (Fig.  206,  page  422).  When  proper  adjustment 
is  attained  the  black  line  on  the  top  of  the  needle  should  be  parallel  to 
the  transverse  slit  made  by  the  edges  of  the  quadrants  when  these  are 
symmetrically  arranged. 

The  sulphuric  acid  may  now  be  put  into  the  jar.  For  this  purpose, 
the  strongest  sulphuric  acid  of  commerce  is  to  be  boiled  with  some 
crystals  of  sulphate  of  anmionia,  in  a  Florence  flask  supported  on  a 
retort-stand  over  a  jet  of  gas  or  other  convenient  source  of  heat.  It 
is  recommended  to  boil  under  a  chimney,  so  that  the  noxious  fumes 
rising  from  the  acid  may  escape.  To  guard  against  the  destructive 
effects  of  the  add  in  the  event  of  the  flask  breaking  by  the  heat,  there 
should  be  placed  beneath  it  a  broad  pan  filled  with  ashes,  or  it  should 
stand  above  a  fireplace  containing  a  sufficient  quantity  of  cold  ashes.  A 
little  sand  put  into  the  flask  will  lessen  the  risk  of  breaking.  The 
object  of  boiling  the  acid  is  to  expel  the  volatile  acid  impurities  which 
will  otherwise  impregnate  the  air  inside  the  jar  and  tarnish  the  works. 
When  cool,  the  acid  may  best  be  poured  into  the  jar  through  a  glass 
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filler  with  a  long  stem,  inserted  through  the  screw  opening  H  (Fig. 
207,  page  423)  provided  for  the  purpose.  The  stem  of  the  fill^ 
should  reach  the  bottom  of  the  jar  to  avoid  splashing  upon  its  aides 
or  upon  the  works,  and  in  removing  it  care  should  be  taken  that  it  is 
drawn  out  without  its  end  touching  any  of  the  brasswork.  The  add 
may  be  poured  in  till  the  surface  is  about  an  inch  below  the  lower 
end  of  the  wide  brass  tube  which  hangs  down  the  middle  of  the  jar. 
It  must  at  least  reach  the  three  platinum  wires  hanging  from  the 
works. 

The  instrument  thus  adjusted  and  charged  with  acid  should  be 
allowed  to  rest  for  some  little  time  so  that  any  films  of  moisture  on 
the  insulating  portions  of  the  apparatus  maj  become  absorbed. 

The  scale  should  now  be  placed-  at  the  proper  distance  so  that  die 
reflected  image  is  sharply  defined  and  stands  at  the  middle  of  the 
scale,  that  is,  at  360  ;  for  the  electrometer  scale  (unlike  that  of  a 
galvanometer)  is  graduated  from  0  to  720, 360  being  the  middle  point 
Care  must  be  taken  that  the  two  ends  of  the  scale  are  equidistant  from 
the  centre  of  the  mirror. 

Next  connect  together  the  two  electrodes  of  the  quadranta  and  the 
induction  plate  electrode,  by  means  of  a  piece  of  thin  wire  joined  to 
the  cover  of  the  jar  ;  also  turn  the  charging  rod  so  that  it  touches  the 
framework  of  the  platinum  wire  of  the  needle. 

Now  chai^  the  jar  positively  by  means  of  a  few  sparks  from  a 
small  electrophorus,  the  frame  of  the  instrument  being  put  to  earth  for 
the  purpose,  and  afterwards  disconnected.  When  the  proper  potential 
is  reached,  it  is  indicated  by  the  lever  of  the  aluminium  balance  rising ; 
the  chaining  rod  should  then  be  turned  so  as  to  disconnect  the  latter 
from  the  needle.  The  replenisher  must  now  be  used  to  adjust  the 
charge  exactly  so  that  the  hair  may  stand  between  the  black  spots 
when  observed  through  the  lens.  When  the  lever  carrying  the  hair 
is  at  either  extremity  of  its  range,  it  is  apt  to  adhere  to  the  stop ;  in 
using  the  replenisher  to  bring  it  from  either  limit,  therefore,  it  is 
necessary  to  free  it  from  the  stop  by  tapping  the  cover  of  the  jar  with 
the  fingers. 

If  the  charge  has  caused  the  reflected  image  to  be  deflected  from 
the  middle  of  the  scale,  it  may  be  brought  back  to  that  position  by 
turning  the  micrometer  screw  which  moves  the  fourth  quadrant,  and, 
if  necessary,  sliding  out  or  in  one  or  more  of  the  other  quadrants. 

The  small  percentage  of  the  charge  lost  from  day  to  day  may  be 
recovered  by  using  the  replenisher.  Under  ordinary  conditions  this 
loss  will  not  amount  to  more  than  ^  per  cent,  per  day. 

The  charge  may  suffer  loss  from  several  causes,  the  most  pre- 
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valent  being  the  presence  of  duat  on  portions  of  the  apparatus  inside 
the  jar.  Every  portion  should  be  carefullj  dusted  with  a  camel-hair 
brush,  and  especially  the  round  induction  plate  beneath  the  aluminium 
balance. 

Loss  may  occur  by  shreds  inside  the  quadrants  drawing  the 
charge  from  the  needle.  It  should  be  ascertained  whether  this  takes 
place.  Insulate  alternately  each  pair  of  quadrants  by  raising  the 
corresponding  electrode,  while  the  other  pair  are  connected  through 
their  electrode  with  the  cover.  If  the  reflected  image  in  either  case 
keeps  moving  slowly  along  the  scale,  for  instance  over  20  scale 
divisions  in  half  an  hour,  the  charge  in  the  jar  being  at  the  same 
time  kept  constant  by  the  use  of  the  replenisher  if  necessary,  the 
inBulated  pair  of  quadrants  is  receiving  a  clmrge  from  the  needle.  In 
that  case  the  inside  of  the  quadrants  may  be  brushed  with  a  light 
feather,  or  camel-hair  brush,  after  sliding  them  outwards  as  far  as 
the  slots  allow,  and  securing  the  needle  in  the  position  in  which  it 
was  fixed  during  transit;  care  being  taken  not  to  press  upon  the 
needle  so  aa  to  bend  it  or  the  suspending  wire.  Without  securing 
the  needle,  each  quadrant  may  be  drawn  outwards  and  brushed, 
while  the  needle  is  deflected  away  from  it  by  the  screws  a,  b  (Fig.  206,. 
page  422),  or  by  any  obvious  means  of  keeping  the  needle  deflected,, 
care  being  taken  not  to  strain  the  fibres. 

Another  possible  source  of  loss  of  charge  is  want  of  insulation 
over  the  portion  of  the  glass  jar  above  the  acid.  If  the  percentage 
of  the  charge  lost  from  day  to  day  is  so  considerable  as  to  require 
much  use  of  the  replenisher  to  recover  it,  the  glass  should  be  cleaned 
with  a  sponge  or  piece  of  hard  silk  ribbon,  wetted  and  soaped  at 
first,  and  then  simply  wetted  with  clean  water,  care  being  taken  to 
clean  every  part  of  the  glass.  The  ribbon  being  dried  before  a  fire, 
may  be  used  to  dry  the  glass. 

If  everything  fails  to  make  the  apparatus  keep  its  charge,  the 
cause  is  probably  due  to  a  defective  glass  jar,  and  this  can  only  be 
remedied  by  the  manufacturers. 

474.  The  good  insulation  of  the  instrument  being  satisfactorily 
accomplished,  the  symmetrical  suspension  of  the  needle  by  the  fibrea 
should  be  tested.  The  conditions  sought  to  be  realised  are,  that  in 
the  level  position  of  the  instrument  the  needle  may  hang  with  equal 
strain  on  the  two  fibres,  and  in  a  symmetrical  position  with  regard  to 
the  four  quadrants.  It  is  plain  that  if  these  conditions  be  fulfilled 
the  deflection  produced  by  the  same  electric  force  in  the  level  position 
of  the  instrument,  will  be  less  than  it  will  be  in  any  position  of  the 
instrument  which  throws  the  greater  part  of  the  weight  on  one  fibre^ 
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or  brings  the  needle  nearer  to  any  part  of  the  inner  surface  of  the 
qoadrants  than  it  is  in  its  sTmmetrical  position,  which  is  its  position 
of  greatest  distance  from  all  the  quadrants.  To  make  the  test,  the 
two  quadrant  terminals  should  be  connected  to  the  two  poles  of  a 
single-cell  battery,  and  the  deflections  produced  upon  the  scale 
compared,  while  the  instrument  is  set  at  different  levels,  by  screwing 
one  or  more  of  the  three  feet  on  which  it  is  supported.  At  each 
observation  the  extreme  range,  or  difference  of  readings  got  by 
reversing  the  battery,  should  be  noted.  If  the  range  diminishes  as 
one  side  of  the  instarnment  is  raised,  the  suspending  fibre  on  that  side 
must  be  drawn  up,  by  turning  very  slightly  the  small  pin  c  ord  (Fig. 
206,  page  422),  round  which  it  is  wound,  and  another  series  of 
observations  taken  in  the  same  manner,  beginning  with  the  instru- 
ment levelled ;  or  instead  of  drawing  up  one  fibre,  the  other  may  be 
let  down,  the  object  in  either  case  being  to  keep  the  needle  midway 
between  the  upper  and  under  surfaces  of  the  quadrants.  After 
each  alteration  of  the  suspension  it  will  be  necessary  to  readjust  the 
screws  a,  &,  so  as  to  make  the  black  line  on  the  needle  hang  exactly 
midway  between  the  quadrants  when  the  needle  is  undisturbed  by 
electricity.  It  will  be  observed  that  the  charge  of  the  jar  is  lost  by 
touching  the  screws  a,  by  unless  the  insulated  key  is  used.  The 
screws  are  reached  without  taking  off  the  lantern,  by  removing  a 
vulcanite  plug  in  the  glass  window  in  front  of  them. 

If  the  instrument  is  deflected  much  from  its  level  position,  the 
guard  tube  may  be  brought  into  contact  with  the  wire  hai^ng  from 
the  needle,  and  the  movements  of  the  latter  be  thus  interfered  with 
by  friction.  When  the  needle  vibrates  freely,  it  will  be  observed 
that  the  image  comes  to  rest  in  any  position  to  which  it  may  be 
deflected,  after  vibrating  with  constant  period  and  gradually 
diminishing  range  on  each  side  of  this  position  of  rest.  The  oecor- 
rence  of  friction  is  shown  by  the  needle  coming  to  rest  abruptly,  or 
vibrating  more  quickly  than  is  proper.  The  reading  obtained  under 
these  circumstances  is,  of  course,  of  no  value.  The  quicker  vibrations 
obtained  in  using  the  induction  plate  must  not  be  mistaken  for 
vibrations  indicating  friction,  from  which  they  may  be  easily  dis- 
tinguished by  their  regularity. 

If,  as  may  possibly  happen,  the  process  of  observing  the 
deflections  at  different  levels,  and  drawing  up  the  fibre  on  that  side 
which  is  being  raised  while  getting  less  sensibility,  should  only  lead 
the  operator  to  draw  up  one  fibre  till  it  bears  the  whole  weight,  while 
the  other  is  seen  to  hang  loosely,  then  he  should  adjust  them  as  nearly 
as  he  can  by  the  eye  to  bear  an  equal  share  of  the  weight,  and  examine 
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the  position  of  the  needle  hy  looking  through  the  glass  of  the  jar 
just  below  the  rim,  the  two  quadrants  in  front  of  the  mirror  being 
drawn  out,  and  the  lantern  taken  off  to  let  in  plenty  of  light.  He 
will  probably  find  that  the  needle  leans  slightly  downwards  relatively 
to  the  quadrants  on  that  side  which  he  was  drawing  up  while  getting 
smaller  deflections.  To  correct  this  is  a  delicate  operation,  which 
should  only  be  attempted  by  a  very  careful  operator.  Though 
perfect  symmetry  of  suspension  is  aimed  at,  it  is  not  essential  to  the 
utility  of  the  instrument.  If  it  be  desired  to  make  the  correction, 
first  secure  the  needle  as  during  transit ;  take  off  the  cover,  and  while 
it  is  held  by  a  careful  assistant,  or  properly  supported  in  a  position  in 
which  it  may  be  levelled,  remove  the  lower  guard  tube  (the  wide 
brass  tube  hanging  down  the  centre)  after  screwing  out  the  small  pin 
in  its  neck.  It  will  be  observed  that  the  upper  and  narrower  guard 
tube  consists  of  two  semi-cylindrical  parts  united.  The  part  in  front 
may  now  be  removed  by  taking  out  the  two  screws  which  fasten  it 
at  the  top,  and  the  platinum  wire  which  carries  the  needle  may  be 
examined.  If  it  has  become  bent  it  must  be  straightened  ;  if  not,  it 
may  be  bent  carefully  just  above  the  needle,  so  as  to  raise  that  end 
of  the  needle  which  was  observed  to  hang  lowest.  If  the  cover  be 
supported  so  that  it  may  be  levelled,  the  needle  may  be  set  free,  and 
the  operator  may  observe  whether  he  has  succeeded  in  making  it 
hang  parallel  to  the  surfaces  above  and  below  it.  The  needle  must 
not,  however,  be  allowed  to  hang  by  the  fibres  whUe  bending  the 
platinum  wire,  or  while  removing  or  replacing  the  guard  tubes. 

The  works  being  replaced,  the  process  of  observing  the  deflections 
at  different  levels,  and  adjusting  the  tension  of  the  fibres  should  be 
repeated,  with  the  view  of  getting  minimum  sensibiUty  in  the  level 
position. 

The  two  unoccupied  holes  bored  through  the  cover  and  fiange  of 
the  jar  are  intended  to  receive  the  square-pointed  keys  when  not 
in  use. 

Grades  of  Sensitiveness. 

475.  There  are  several  ways  of  making  the  connections  to  the 
terminals  of  the  quadrants,  frame,  and  induction  plate,  so  as  to  get 
various  degrees  of  sensitiveness  for  measuring  potentials  of  various 
strengths. 

Ut  Grade. 

The  following  is  the  most  sensitive  arrangement,  such  as  would 
be  used  for  measuring  a  potential  of  about  1  volt : — 

One  pole  of  the  battery  would  be  connected,  through  the  medium 
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of  a  reversing  key  (Fig.  208,  page  428),  to  one  quadrant  tenninal, 
and  the  other  to  the  frame  of  the  instroment  and  to  the  second 
quadrant  terminal.  This,  by  reversing  the  key,  would  give  about  50 
divisions  on  either  side  of  the  860,  equal  to  100  in  all. 

2nd  Orade. 

Leaving  one  pole  of  the  battery  connected  to  the  frame,  the  next 
degree  of  sensitiveness  is  obtained  by  disconnecting  the  pair  of  quad- 
rants that  are  connected  to  the  frame,  the  electrode  being  raised  for 
the  purpose  ;  the  other  connections  must  be  the  same  as  in  the  last 
case.  By  this  arrangement  the  needle  is  acted  upon  by  one  parr  of 
quadrants  only. 

476.  By  using  the  induction  plate  we  may  still  further  diminish 
the  sensitiveness  of  the  instrument.  For  instance,  when  we  connect 
the  pole  of  the  battery  to  a  pair  of  quadrants,  those  quadrants  take 
the  potential  that  it  has ;  but  if  we  connect  it  to  the  induction  plate, 
then  the  charge  in  the  quadrant  below  is  only  an  induced  one,  and, 
since  there  is  an  interval  between  the  plate  and  the  quadrant,  this 
induced  charge  will  be  small,  and  the  effect  on  the  needle  proportion- 
ately small.  Again,  if  we  disconnect  one  pair  of  quadrants,  and 
connect  the  wire  from  the  battery  to  the  induction  plate  and  to  the 
corresponding  quadrants,  then  the  charge  will  be  partially  bound. 
The  effect  on  the  needle  will  therefore  be  less  still.  The  actual 
number  of  grades  of  sensitiveness  with  the  induction  plate  are  as 
follows : — 

Srd  Orade. 

One  pair  of  quadrants  connected  to  one  pole  of  battery.  Induc- 
tion plate  and  second  pole  of  battery  connected  to  frame.  Second 
pair  of  quadrants  disconnected  by  raising  electrode. 

Uh  Orade. 

One  pair  of  quadrants  connected  to  one  pole  of  battery,  and  also 
to  induction  plate.  Second  pole  of  battery  connected  to  frame. 
Second  pair  of  quadrants  disconnected  by  raising  electrode. 

bth  Orade. 

Induction  plate  connected  to  a  pole  of  battery.  One  pair  of 
quadrants  and  second  pole  of  battery  connected  to  frame.  Second 
pair  of  quadrants  disconnected  by  raising  electrode. 
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6th  Grade. 

Indnction  plate  connected  to  pole  of  battery.  Second  pole  of 
battery  connected  to  frame.  Both  pairs  of  quadrants  disconnected 
by  raising  the  electrodes. 

477.  We  can  in  each  of  the  foregoing  cases  interchange  the 
terminals  of  the  quadrants,  that  is  to  say,  we  can  use  the  left 
terminal  where  we  nsed  the  right,  and  vice  versa. 

478.  It  may  be  found,  on  raising  one  of  the  electrodes  to  discon- 
nect it  from  the  quadrants,  that  the  act  of  doing  so  causes  the  image 
on  the  scale  to  deviate  a  few  d^rees  from  zero  in  consequence  of  a 
charge  being  induced  thereby.  In  the  most  recent  form  of  instru- 
ment there  is  a  smaQ  milled  vulcanite  head  provided,  by  turning 
which  the  quadrants  are  connected  to  the  frame,  and  the  charge 
being  thereby  dissipated,  the  image  returns  to  zero.  When  this 
is  done  the  milled  head  must  be  turned  back  before  commencing  to 
test  again. 


The  Use  of  the  Electrometer. 

479.  The  electrometer  can  be  used  in  every  test  where  a  condenser 
is  usually  employed. 

In  using  the  condenser,  we  have  to  charge  it,  and  then  discharge 
it  through  the  galvanometer,  the  throw  obtained,  then,  represents 
the  potential.  With  the  electrometer  we  have  simply  to  connect  to 
its  terminals  the  wires  which  would  be  connected  to  the  condenser, 
and  the  permanent  deflection  on  the  scale  gives  us  the  potential, 
which  can  be  observed  at  leisure. 

Thus  in  measuring  the  resistance  of  a  battery  by  the  method 
given  on  page  364  (§  898),  we  should  first  connect  the  battery  wires 
to  the  electrometer  (through  the  medium  of  the  reversing  key  is  best), 
note  the  deflection,  then  insert  the  shunt,  again  note  the  deflection, 
and  calculate  from  the  formula. 

The  great  value  of  the  electrometer,  however,  lies  in  the  fact  that 
it  enables  the  fall  of  charge  in  a  cable  to  be  continuously  observed ; 
we  can  see  with  unfailing  accuracy  when  the  charge  has  fallen  to 
one-half,  or  to  any  other  proportion  desired.  We  see,  in  fact,  exactly 
what  is  going  on  in  the  cable  at  any  moment. 

The  connections  for  such  a  test  could  not  well  be  simpler.    We 
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charge  the  cable,  connect  it  to  the  electrometer,  the  frame  being  to 
earth,  and  then  notice  the  movement  on  the  scale  as  the  potential 
gradnallj  falls.  We  do  not  even  require  a  battery,  as  the  cable  can 
be  charged  with  a  few  sparks  from  an  electrophoms. 

The  degree  of  sensitiveness  necessary  for  any  particular  cable  can, 
of  course,  only  be  found  by  experience. 


Measuremmts  from  an  Inferred  Zero. 

480.  When  very  high  resistances,  such,  for  instance,  as  short 
lengths  of  highly  insulated  cable,  are  measured  by  the  ordinary  fall 
of  charge  method,  the  fall,  even  in  a  considerable  time,  would  be  so 
small  that  the  test  would  be  an  unsatisfactory  one,  for  the  difference 
between  the  deflection  at  the  beginning  of  the  test,  and  that  after  the 
interval  of  time,  could  only  be  a  small  fraction  of  the  whole  length 
of  the  scale ;  and  if  the  deflections  are  not  accurately  noted,  still  less 
can  we  be  satisfied  of  the  correctness  of  the  result  when  worked  out 
from  a  formula. 

By  means,  however,  of  a  method  suggested  by  the  late  Professor 
Fleeming  Jenkin,  such  high  resistances  can  be  measured  by  the  fall 
of  charge  test  with  considerable  precision. 

Professor  Jenkin's  improvement  consists  in  virtually  prolonging 
the  scale  and  counting  the  divisions  from  an  inferred  zero. 

An  explanation  of  the  method  of  making  the  test  will  best  show 
what  an  inferred  zero  is. 

One  pole  of  the  battery  being  to  earth,  the  other  pole  is  connected 
to  one  pair  of  quadrants. 

The  second  pair  of  quadrants  is  connected  to  the  cable. 

By  joining  for  an  instant  the  two  pairs  of  quadrants  together,  the 
cable  and  quadrants  take  the  same  potential ;  therefore,  at  the 
moment  of  disconnecting  them,  the  needle  will  be  at  zero. 

The  potential,  however,  of  the  cable,  and  the  quadrants  connected 
to  it,  will  fall,  and  the  needle  be  deflected. 

Suppose,  now,  one  cell  connected  to  the  electrometer  gave  100 
divisions  deflection,  and  suppose  the  battery  which  charged  the  cable 
to  be  of  100  cells,  then  if  the  cable  lost  1  per  cent,  of  its  charge,  the 
charge  remaining  would  be  99,  and  as  the  other  quadrant,  being 
permanently  connected  to  the  100  cells,  has  the  potential  of  100,  the 
difference  between  the  two  is  100  -  99  =  1  cell,  which,  as  has  been 
stated,  gives  100  divisions.  The  2  per  cent,  loss  would  give  200  divi- 
sions, and  so  on,  whereas  by  the  method  mentioned  in  §  479  (page  435), 
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if  we  get  800  say,  at  first,  then  1  per  cent,  loss  would  only  move  the 
image  down  to  297,  and  2  per  cent,  would  move  it  down  to  294. 

When  all  the  charge  is  lost,  the  deflection  would  evidently  be 
100  X  100  =  10,000,  which  is  the  inferred  zero.  To  obtain  this  zero 
for  any  particular  battery,  we  should  have  to  get  the  deflection  from 
1  cell  and  then  determine,  by  the  method  given  on  pages  856  (§  886) 
and  868  (§  898),  what  the  electromotive  force  of  the  testing  battery 
is  in  terms  of  the  1  cell.  Then  by  multiplying  the  1  cell  deflection 
by  this  value  we  get  what  we  require. 

The  numbers  representing  the  potentials  are  obviously  obtained 
by  subtracting  the  deflections  on  the  scale  from  the  inferred  zero. 

To  obtain  the  full  range  of  the  scale  we  should,  at  starting,  get 
the  image  on  the  actual  marked  zero,  which  is,  as  we  have  before 
said,  at  the  end,  and  not  at  the  middle  of  the  scale. 

481.  It  is  possible  to  use  the  electrometer  without  having  the 
acid  of  the  jar  charged.  For  this  purpose  one  pair  of  quadrants 
should  be  connected  to  the  needle ;  by  this  arrangement  the  needle 
becomes  charged  by  the  same  electricity  that  charges  the  quadrants 
to  which  the  needle  is  connected.  It  will  be  seen,  however,  that 
under  this  condition  the  deflections  will  not  he  directly  proportional 
to  the  potentials  producing  them,  as  the  action  is  similar  to  that 
which  takes  place  in  the  case  of  an  electro-dynamometer  (page  885)  ; 
the  deflections,  in  fact,  will  be  proportional  to  the  squares  of  the 
potentials. 

The  special  advantage  of  the  forgoing  method  of  using  the 
instrument  is  that  it  enables  rapidly  alternating  potentials  to  be 
measured,  as  in  the  case  with  rapidly  alternating  currents  through 
the  electro-dynamometer. 
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CHAPTER  XV. 
MEASUREMENT  OF  HIGH  RESISTANCES, 

482.  The  liighest  resistanoe  which  it  is  possible  to  measure  by 
means  of  the  Wheatstone  bridge  described  at  the  commencement  <rf 
Chapter  YIII.  (page  280),  is  1,000,000**.  It  is  trae  that  some 
bridges  have  another  set  of  resistances  in  the  top  row,  which  will 
enable  the  ratio  10  to  10,000  to  be  used,  and  consequently  a  resist- 
ance of 

10,000  X  10,000      ,^^^^^^^« 
j-^    -^—  =  10,000,000- 

to  be  measured ;  but  this  is  not  often  the  case,  and  the  values  of 
resistances  much  greater  than  this  frequently  require  to  be  deter- 
mined. 

For  this  purpose  a  modification  of  the  deflection  method  given  in 
Chapter  I.,  page  6  (§  11),  must  be  adopted. 

483.  Provide  a  single,  and  also  about  100  constant  cells.  Find 
their  respective  electromotive  forces  by  the  dischai^  method  given 
on  pages  856  (§  886)  and  868  (§  898).  Thus,  suppose  the  discharge 
taken  from  the  1  cell,  which,  as  explained,  should  be  taken  firsts 
gave  a  deflection  of  800,  the  galvanometer  shunt  (Sg)  being 
adjusted  for  this  purpose  to  560*.  Suppose  also  that  the  dischai^ 
from  the  100  cells  in  the  place  of  the  1  cell,  gave  a  deflection  of  802, 
with  a  shunt  (S^)  of  e" ;  then  by  multiplying  the  802  by 

G  +  S^ 

Si 

we  get  the  deflection  we  should  have  had  if  no  shunt  had  been  used  ; 
this  will  represent  the  electromotive  force  of  the  100  cells.  In  like 
manner,  by  multiplying  the  800  by 

c^  +  a, 
S2 

we  get  a  number  representing  the  electromotive  force  of  the  1  cell. 
Taking  the  resistance  of  the  galvanometer  (6^  to  be  SOOO",  .and 


MEASUREMENT  OF  HIGH  BESI8TANCES.  439 

giving  the  other  namerical  values  to  the  quantities,  the  ratio  of 
the  electromotive  force  of  the  1  cell  to  the  electromotive  force  of  the 
100  cells  would  be 

5000  -f  560  ^  3^^  ^  5000  +  g  ^  3 
560  6 

or  as 

2980  :  252,000. 

If  now  we  divide  the  greater  number  by  the  less,  we  get  the  value 
of  the  100  cells  in  terms  of  the  1  cell.  This  value  is  84-6,  that  is  to 
flay,  the  100  cells  are  84*6  times  stronger  than  the  1  cell,  and  not 
100  times.  This  might  arise  from  some  of  the  cells  being  defective, 
or  imperfectly  insulated.  This  does  not  matter,  however,  so  long  as 
we  determine,  as  we  have  done,  how  much  more  powerful  the  100 
cells  are  than  the  1  cell. 

Calculation  may  be  saved  in  the  foregoing  measurement  if  we 
adjust  the  galvanometer,  by  means  of  the  directing  magnet,  so  that  a 
convenient  discharge  deflection  is  obtained  with  the  1  cell  when 
there  is  no  shunt  between  the  terminals  of  the  instrument.  The 
exact  value  of  this  deflection  being  noted,  the  discharge  deflection 
from  the  100  cells  is  next  taken  with  the  ^  shunt  (page  67,  §  72)  ; 
then  the  latter  deflection  multiplied  by  100  and  divided  by  the  first 
deflection,  obviously  at  once  gives  the  value  of  the  100  cells. 

484.  Having  found  the  value  of  the  100  cells  in  terms  of  the 
single  cell,  we  next  proceed  to  join  up  the  galvanometer,  with  a 
shunt,  etc.,  between  its  terminals,  in  circuit  with  a  resistance  coil 
and  the  single  cell,  as  shown  by  Fig.  209  (page  440). 

Insert  a  resistance  of  10,000**  in  AB  (a  resistance  of  10,000»  in 
a,  separate  box  is  often  used  for  this  measurement),  and  having 
first  inserted  all  the  plugs  in  S,  press  down  the  short-circuit  key, 
and  proceed  to  remove  some  of  the  plugs,  until  a  deflection  of, 
say,  300  is  obtained,  then  raise  the  key  and  see  if  the  spot  of  light 
comes  back  to  zero  properly  ;  if  it  does  not,  then  by  diisconnecting 
one  of  the  wires,  see  that  the  cause  is  not  due  to  the  short-circuit  key 
not  making  proper  contact.  If  this  has  not  the  required  effect,  the 
adjusting  magnet  of  the  galvanometer  must  be  slightly  shifted,  and, 
if  necessary,  put  a  little  lower  down,  so  as  to  make  the  needle  a  little 
less  sensitive.  After  a  few  trials  this  will  be  satisfactorily  done,  and 
the  spot  of  light  will  always  come  back  to  the  zero  pointy  when  no 
current  is  passing  through  the  galvanometer. 
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Let  the  deflection  be  801^,  the  shunt  being  7**. 


5000  + 


-,  which  gives  215,700. 


Multiply  801  •  5  by 

This  is  the  deflection  we  should  get  through  10,000*",  with  no 
shunt  to  the  galvanometer.  There  is  really  in  the  circuit,  besides 
the'10,000'',  the  resistance  of  the  1  cell,  and  also  the  resistance  of 
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the  galvanometer  and  shunt  combined  (which  will  be  practically 
7**),  but  this  will  be  so  small  as  to  be  of  no  consequence ;  it  may, 
however,  be  added  on  to  the  10,000  when  working  out  the  results, 
if  preferred. 

Now,  if  we  had  used  the  100  cells  instead  of  the  1  cell,  our  deflec- 
tion would  have  been  84*6  times  as  great  as  it  was  with  the  1  cell. 
If,  then,  we  multiply  215,700  by  84*6  we  shall  get  the  deflection 
obtainable  with  the  100  cells  through  a  resistance  of  10,000*".  This 
value  will  be  found  to  be  18,248,000.  Multiplying  this  number  by 
10,000  we  get  the  constant ;  this  constant  is  obviously  the  theoreticcd 
resistance  which  would  give  a  deflection  of   1  division  with  the 

100  cells. 

If  it  is  required  to  use,  say,  200  cells  instead  of  100  only,  then 
in  cases  where  galvanometer  shunts  of  a  flxed  value  (^th,  ^th, 
ii^th),  only,  are  available,  it  would  be  advisable  to  employ  2  cells 
instead  of  1  cell  for  making  the  test,  so  as  to  cause  the  deflec- 
tions to  be  approximately  equal  (page  118,  §  118)  ;  this  would 
not  of  course  alter  the  foregoing  process  of  calculation  in  any  way. 
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it  wonld  only  resalt  in  the  nnmerical  value  of  the  "conBtant" 
being  different.  The  actual  number  of  cells  used,  it  ma^  be  pointed 
out,  has  nothing  to  do  with  the  calcnlations ;  in  fact,  it  is  oanal 
simply  to  speuk  of  the  100,  or  200,  cells  as  the  "  hattei7."  A  one-cell 
battery  is  nsed  for  producing  the  permanent  deflection  through 
10,000",  because  100  cells  would  deflect  the  spot  of  light  off  the 
scale  with  the  lowest  shunt  that  could  be  used  ;  one  cell  happens  to 
be  a  convenient  electromotive  force -to  employ,  but,  as  pointed  out, 
it  m^ht  be  preferable  to  use  two,  or  even  more  cells,  in  certain  cttsefl. 
It  may  be  pointed  out  that  the  oonstant  deflection  with  1  cell 
through  10,000"  may  usually  be  taken  with  the  ^  shnnt  in 
the  place  of  a  shunt  of  a  particular  nmnerical  value  (as  in  the 
foregoing  example) ;  this  simplifies  calculation,  as  we  have  then 
simply  to  multiply  the  constant  deflection  by  1000  instead  of  by 
G  +  S 


485.  The  foregoing  process  is  simplified  by  using  a  resistance  of 
1,000,000"  (1  megohm)  in  the  place  of  10,000.  The  constant  can 
then  be  found  wiUi  the  "  battery  "  at  once. 
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There  is  a  decided  advantage  in  making  a  measurement  in  this 
way,  as  the  fewer  the  number  of  operations  there  are  in  a  test  the 
more  likely  is  the  ultimate  result  to  be  aocurate,  every  additional 
operation  introducing  a  possible  source  of  error. 

Fig.  210  shows  one  form  of  '*  megohm ''  for  this  purpose.  As  it 
is  useful  to  be  able  to  use  a  less  resistance  than  1  megohm,  the  latter 
is  sometimes  divided  into  10  resistances  of  100,000**  each,  as  shown 
by  Kg.  211. 

486.  Having  measured  and  worked  out  the  constant  (which  may 
be  done  by  the  help  of  logarithmic  tables,*  or  by  means  of  a  slide 
rulet))  we  insert  the  resistance  which  is  to  be  measured,  in  the  place 
of  AB,  using  the  100  cells  in  the  place  of  the  1  cell.  S  is  then 
adjusted  until  a  deflection  of  300,  or  near  to  300,  is  obtained ;  let 
8  be  2500,  and  deflection  298.  Then  the  deflection  without  the 
shunt  would  be 

298  X  5000H-f00  ^  3^^ 
2500 

Dividing  the  '*  constant  *^  by  this  number,  we  get 

182,480,000,000      «^,  ,  ^,  ^^^« 
—     3^^     =  204,100,000^ 

which  is  the  value  of  the  resistance. 

487.  Practically,  we  may  say  the  value  of  the  resistance  is 
204,000,000**,  or  204  megohms,  for  inasmuch  as  we  can  only  be 
certain  of  the  values  of  the  observed  deflections  to  3  places  of 
figures,  so  we  can  only  be  certain  of  the  worked-out  values  to  3 
places  of  figures.  A  great  deal  of  time  is  often  wasted  in  working 
out  results  to  5  or  6  places  of  figures,  when,  in  the  observations 
necessary  to  obtain  those  results,  it  is  possible  to  be  certain  of  their 
value  to  3  places  only. 

Measurement  of  the  Insulation  Resistance  of  a  Cable. 

488.  In  measuring  the  insulation  resistance  of  a  cable,  the  con- 
stant having  been  taken  in  the  foregoing  manner,  we  should  join  up 
the  galvanometer,  shunt,  short-circuit  key,  reversing  key,  battery 
switch,  battery,  and  cable,  as  shown  by  Fig.  212  (page  443).$ 

*  Chambers'  'Mathematical  Tables'  are  those  generally  used. 

t  Fuller's  slide  rule  is  a  particularly  useful  instrnmeut  for  working  out  these 
c  alculations;  besides  bein^  Tery  easy  of  manipulation,  it  is  quite  accurate  to 
4  places  of  figures,  whilst  toe  5th  figure  can  be  closely  approximated  to. 

t  See  also  *The  Silvertown  expound  Key  for  Gable  Testing,'  Chapter 
XXVII. 
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By  having  both  a  galvanometer  reversing  key  and  a  battery 
«witch,  the  trouble  of  reversing  the  wires  on  the  galvanometer,  when 
the  battery  current  is  reversed,  is  avoided,  as  it  can  be  done  more 
readily  by  means  of  the  key.  The  object  of  reversing  the  galvano- 
meter  connections  when  the  battery  is  reversed  is  to  obtain  the 
deflection  always  on  the  same  side  of  the  scale. 

489.  Both  ends  of  the  core  of  the  cable  must  be  trimmed  by 
means  of  a  sharp  and  clean  knife,  care  being  taken  that  the  outer 
surface  of  the  gutta-percha,  which  has  been  exposed  and  oxidised 


iwsrtf^fljli 


Fio.  212. 


1>y  the  air,  is  completely  cut  away ;  the  clean  surface  thus  exposed 
should  not  be  touched  by  the  fingers.  It  is  a  good  plan  to  coat  the 
trimmed  ends  with  hot  paraffin  wax  (not  oU). 

The  ends  being  thus  carefully  insulated,  and  the  further  end  left 
hanging  free,  so  as  not  to  touch  anything,  the  nearer  end  of  the 
'Cable  must  be  connected,  through  the  medium  of  the  lead  wire,  to 
the  terminal  screw  of  the  reversing  key,  as  shown  in  Fig.  212,  care 
being  taken  not  to  touch  the  trimmed  end  in  doing  so.  The  switch 
plugs  being  inserted,  the  reversing  key  which  puts  the  zinc  pole  to 
the  cable  must  be  clamped  down,  and  (the  short-circuit  key  being 
depressed)  sufficient  resistance  inserted  in  the  shunt  to  obtain  a 
deflection  of  about  300. 

At  the  end  of  a  minute  from  the  time  the  reversing  key  was 
clamped  down,  the  exact  deflection  should  be  noted. 


444 
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490.  It  will  be  foond  that  the  deflection  obtained  is  not  a  perma- 
nent one ;  it  will  gradually  decrease  as  the  current  is  kept  on,  falling 
rapidly  at  first,  and  then  more  slowly,  until  at  length  it  becomes 
practically  stationary ;  the  continued  action  of  the  current,  in  fact, 
apparently  increases  the  resistance  of  the  dielectric.  This  phenome- 
non is  known  as  EUctr^Uation^  and  its  cause  is  not  well  andeistood ; 
it  seems  to  be  due  to  some  kind  of  polarisation.* 

The  following  shows  the  decrease  in  the  deflection  observed  with 
a  piece  of  cable  core  insulated  with  gutta-percha  : — 


MlnatM' 

Eleotriflcatlon.                                                Defleotiaa. 

1 

205 

2 

179 

3 

171 

4 

164 

5 

159 

6 

156 

7 

154 

8 

152 

9 

150 

10 

148-5 

11 

147 

12 

145-5 

18 

144 

14 

148 

15 

142 

491.  Electrification  is  much  more  marked  at  a  low  than  at  a 
high  temperature ;  thus  in  an  actual  experiment  it  was  found  that 
with  a  piece  of  core  (insulated  with  gutta-percha)  at  a  temperatui^  of 
0*  G.  the  deflection  fell  from  240  to  75  in  90  minutes ;  whereas  widi 
the  same  piece  of  core  at  a  temperature  of  24*  0.  the  deflection  fell 
from  240  to  178  only,  in  the  same  tim^. 

492.  The  late  Mr.  Hockin  verified  the  curious  fact  that  it  is  not 
until  some  hours  after  the  gutta-percha  has  taken  its  temperature 
that  the  resistance  reaches  its  corresponding  value. 

498.  The  rate  at  which  the  deflection  decreases  also  depends  upon 
the  nature  of  the  insulating  material ;  it  is  quicker  in  some  kinds  of 

*  Although  it  it  uaoally  aasnmed  that  the  deoieaae  in  the  defleetion  la  doe 
to  an  inoreaie  in  the  ranatanoe  of  the  dieleotrio,  it  ia  Tery  donbtfbl  whedier  any 
such  change  in  the  leaistance  actually  takee  place;  it  ia  more  probable  that  the 
diminQtion  in  the  deflection  ia  caused  entirely  by  an  opj^oang  eleotioaiotife 
force  of  polarisation,  which  force  increases  (bat  at  a  decreasing  role)  in  strength 
so  long  as  the  battery  is  kept  on. 
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gatta-percha  than  in  others,  being  generally  smallest  in  the  best 
quality.  In  the  case  of  gatta-percha,  the  rate  of  fall  between  the  1st 
and  2nd  minnte  at  a  temperature  of  75°  would  average  about  2  to  5 
per  cent.  In  indiarubber  the  decrease  is  very  rapid,  being  at  75^  as 
much  as  50  per  cent,  between  the  1st  and  5th  minute. 

494.  If  the  cable  or  insulated  wire  under  test  is  quite  sound, 
the  electrification  should  take  place  perfectly  regularly,  that  is  to 
say,  the  deflection  on  the  galvanometer  scale  should  decrease  steadily. 
An  unsteady  electrification,  as  a  rule,  is  a  sign  that  the  insulation  is 
defective.  It  sometimes  happens,  however,  that  the  unsteadiness  is 
due  to  the  testing  battery  being  in  a  bad  condition,  or  not  properly 
insulated;  if,  therefore,  the  electrification  is  such  as  to  raise  a 
suspicion  that  the  insulation  of  the  cable  or  insulated  wire  under  test 
is  not  perfect,  the  battery  should  be  looked  to,  to  see  whether  it  is  in 
proper  order.  An  unsteady  electrification  may  also  be  caused  by  the 
ends  of  the  cable  or  of  the  lead  wire  not  being  properly  trimmed,  or 
from  their  becoming  damp.  Before  concluding,  therefore,  that  the 
cable  is  faulty,  these  points  should  be  attended  to. 

A  third  cause  of  unsteady  electrification  occasionally  exists  in 
factories ;  this  is  due  to  induced  currents  set  up  by  the  movement  of 
the  machinery  in  the  proximity  of  the  tanks  in  which  the  cable  is 
coiled.  When  a  cable  is  being  tested  on  board  ship,  the  rolling  of 
the  latter  induces  comparatively  strong  currents  in  the  cable,  and 
causes  the  galvanometer  deflections  to  be  very  erratic.  The  effects  of 
these  currents,  in  both  cases,  may  be  completely  got  rid  of  by  the 
simple  device  suggested  by  the  late  Mr.  J.  May,  of  the  Telegraph 
Construction  Company,  of  making  the  insulation  test  with  both  ends 
of  the  cable  connected  to  the  testing  apparatus,  instead  of  with  one 
end  only. 

495.  Although  the  deflection  after  the  1st  and  2nd  minute  with 
a  sdnc  current  are  usually  all  that  is  necessary  when  testing  each  of 
the  lengths  of  core  (about  2  knots)  of  which  a  cable  is  composed,  or 
when  testing  a  cable  during  manufacture,  yet  when  the  cable  is  com- 
plete a  more  elaborate  test  requires  to  be  made. 

496.  It  is  found  with  a  good  cable,  that  if  the  battery  be 
taken  off  after  electrification  has  proceeded  for  some  time,  and  the 
cable  be  put  to  earth  through  the  galvanometer,  a  continually 
decreasing  current  will  flow  through  the  latter  back  from  the  cable.* 
Now  if  the  deflection  (called  the  "  Earth  Reading '')  be  noted  exactly 
1  minute  after  the  battery  current  is  taken  off,  then  the  value  of  this 

*  Compare  with  note  on  page  444. 
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deflection  added  to  the  reading  taken  joBt  at  the  moment  when  tiie 
battery  was  taken  off  (that  is,  the  last  electrifioation  reading),  will 
equal  the  deflection  observed  after  1  minute's  electrification  of  the 
cable.  And,  again,  the  earth  reading  at  the  end  of  2  minntes  if 
added  to  the  last  electrification  reading,  will  equal  the  deflection 
obtained  after  2  minutes  electrification,  and  so  on.  Thus  ihe  ^  earth 
readings ''  obtained  from  the  cable  referred  to  on  page  444  were  as 
follo?^ : — 

Earth  BMdiBgB. 
After  1  minute        ..  .,  ..  59 


„     2  minntet 

M         5  „ 


88 
30 
25 
22 


The  last  electrification  reading  (at  the  15th  minute),  it  will  be 
seen,  was  142  ;  if  we  add  to  this  the  1st  minute  earth  reading,  tub. 
59,  we  get  142  +  59  =  201,  which  is  approximately  the  same  as  the 
1st  minute  electrification  reading,  viz.  205.  Again,  the  last  electri- 
fication reading  added  to  the  2nd  minute  earth  reading,  viz.  38,  giyes 
142  +  88  =  180,  which  is  approximately  the  same  as  the  2nd  minute 
electrification  reading,  viz.  179.  If  great  care  is  taken  to  read  the 
defiections  at  the  exact  termination  of  the  minute  intervals,  the 
calculated  and  observed  values  will  agree  much  more  closely  than  in 
the  actual  examples  just  given.  Considerable  skill,  however,  is 
required  in  making  the  observations,  as  the  fall  in  the  deflection  being 
very  rapid  at  first,  it  may  happen  that  the  observed  deflections  are 
three  or  four  divisions  too  much  or  too  little,  in  consequence  of  the 
observations  being  made  a  second  too  soon  or  too  late.  The  relation 
between  the  electrification  and  earth  readings,  as  was  before  stated, 
will  only  hold  good  if  the  cable  is  sound,  and  the  accordance 
between  the  two  may  therefore  be  taken  as  an  index  of  the  good 
condition  of  the  cable.  It  is  not  always  the  case,  however,  that  the 
earth  readings  are  noted. 

The  process  of  manipulation  for  taking  the  earth  readings  is  as 
follows  : — ^A  few  seconds  before  the  completion  of  the  last  minute  for 
electrification  (usually  the  15th  minute)  *  the  last  electrification 
reading  is  noted  and  the  galvanometer  short  circuit  key  is  raised,  then 
exactly  at  the  termination  of  the  minute,  one  of  the  battery  switch 
plugs  is  removed  and  placed  in  the  adjacent  hole,  so  that  the  battery 
becomes  disconnected,  and  the  galvanometer  terminal  connected  to 

*  The  fall  in  the  deflection  is  so  slow  after  about  the  10th  minute  that  the 
actual  deflection  at  the  exact  termination  of  the  15th  minute  would  be  praotioaUy 
the  same  as  it  was  a  few  seconds  before  that  time. 


MEASUREMENT  OF  HIGH  RESISTANCES.  447 

earth.    The  galvanometer  short  circuit  key  being  then  depressed  the 
current  flows  through  the  galvanometer,  and  the  readings  are  taken 
at  the  exact  termination  of  each  successive  minute,  the  1st  minute 
being  counted  from  the  time  the  battery  was  taken  off.    It  is  no 
usual  to  take  more  than  5  earth  readings. 

Electrification  readings  are  next  taken  with  the  copper  pole  of  the 
battery  connected  to  the  cable.  For  this  purpose  the  second  reversing 
key  of  the  galvanometer  should  be  clamped  down,  and  the  first  one 
released,  so  as  to  reverse  the  instrument ;  the  plugs  of  the  battery 
should  then  be  inserted  so  that  the  battery  sends  its  current  to  the 
cable  in  the  reverse  direction  to  that  it  did  at  first ;  this  being  done,, 
the  deflections  on  the  galvanometer  should  be  noted  at  intervals  of  a 
minute,  as  before,  until  the  same  number  of  readings  are  obtained. 
The  readings  in  this  case  should  be  the  same  as  those  observed  when 
the  zinc  pole  was  joined  up,  that  is,  provided  the  cable  is  sound,  and 
also  provided  it  is  free  from  any  absorbed  charge  when  the  current 
is  put  on.  The  current  which  causes  the  earth  deflections,  however, 
continues  for  a  considerable  period,  and  therefore  to  render  a  cable 
neutral  after  it  has  been  tested  with  any  particular  current,  it  requires 
to  be  put  to  earth  for  a  certain  time,  which  varies  according  to  the 
length  of  the  cable.  If  the  latter  is  not  more  than  10  or  15  mile& 
long,  half  an  hour  will  usually  be  sufficient  to  render  it  neutral,  but 
greater  lengths  require  a  proportionately  longer  time.  It  can  easily 
be  seen  when  the  absorbed  charge  is  got  rid  of,  for  if  the  cable  is 
neutral  no  deflection  will  be  observed  on  depressing  the  short  circuit 
key,  but  if  a  charge  is  still  retained  a  slight  constant  deflection  will 
be  produced. 

497.  When  the  cable  is  put  to  earth  great  care  must  be  taken 
that  the  short  circuit  key  E  (Fig.  212,'  page  443)  is  first  raised,, 
otherwise  the  whole  static  discharge  (which  is  quite  distinct  from  the 
current  which  causes  the  earth  deflections)  will  pass  through  the 
galvanometer  coils  and  the  needles  may  be  demagnetised  or,  at  least, 
their  magnetic  power  be  altered. 

498.  Although  it  is  advisable  if  possible  to  take  a  set  of  readings 
with  a  zinc  and  with  a  copper  current,  the  cable  being  neutral  in 
both  cases,  yet  if  time  is  an  object  the  test  with  the  copper  current 
(which  is  usually  made  after  the  test  with  the  zinc  current)  can  be 
taken  befere  the  earth  current  due  to  the  zinc  test  has  ceased.  In 
this  case,  however,  the  average  readings  will  be  higher  than  would  be 
the  case  if  the  cable  were  neutral,  in  fact  if  we  take  the  last  of  the 
earth  readings  observed  in  the  case  of  the  zinc  test,  and  we  deduct  it 
from  the  first  minute  electrification  reading  of  the  copper  test,  then 
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the  resnlt  should  appraximaUly  equal  the  first  minute  electrification 
reading  of  the  zinc  test.  Thus  in  the  case  of  the  cable  the  zinc 
readings  on  which  were  given  on  page  444,  the  electrification  readings 
obtained  with  the  copper  pole  of  the  battery  connected  to  the  cable, 
were  as  follows : — 


MinutM' 

Electilfleatioo. 

DefiedioiL 

1 

« . 

•  • 

227 

2 

•  • 

•  * 

200 

3 

.  k 

.  a 

189 

4 

•  • 

.  • 

182 

5 

•  • 

•  • 

178 

6 

•  • 

•  • 

174 

7 

*  • 

•  • 

171 

8 

.  • 

.  • 

168 

9 

.  . 

•  • 

165 

10 

•  * 

*  • 

168 

11 

•  . 

•  • 

161 

12 

.  . 

•  a 

159 

13 

•  • 

•  • 

157 

14 

•  • 

•  * 

156 

15 

•  • 

•  • 

155 

Now  the  last  earth  reading  taken  in  the  case  of  the  zinc  test 
(page  444)  was  22,  and  this  deducted  from  227  (the  first  copper 
electrification  reading)  gives  205,  which  is  the  first  zinc  electrifica- 
tion reading  (page  444). 

In  making  the  test  in  practice,  as  soon  as  the  last  earth  reading 
of  the  zinc  test  is  observed,  the  galvanometer  short-circuit  kej  should 
be  raised  and  the  battery  reversed,  then  one  minute  after  this  moment 
the  first  electrification  reading  should  be  noted. 

When  a  copper  current  test  is  made  in  the  forgoing  manner,  that 
is  to  say  with  the  cable  not  neutral,  we  cannot  compare  all  the  copper 
with  all  the  zinc  readings,  as  it  would  be  necessary  to  make  a  deduc- 
tion from  each  of  the  former ;  but  inasmuch  as  these  deductions 
would  have  to  be  less  and  less  from  each  successive  reading  (for  the 
earth  current  which  causes  the  copper  reading  to  average  lower  than 
the  zinc  reading  is  a  continually  decreasing  quantity),  and  as  we  do 
not  know  at  what  rate  the  diminution  takes  place  we  cannot  make 
the  comparison ;  the  uniformity  of  the  electrification,  jliowever,  and 
the  approximate  agreement  between  the  first  minute  zinc  reading,  and 
the  first  minute  copper  reading  minus  the  last  zinc  earth  reading,  is 
sufficient  to  indicate  the  condition  of  the  cable  under  test. 

When  all  the  electrification  readings  with  the  copper  current  are 
observed,  a  set  of  earth  readings  should  be  taken  as  in  the  case  of 
the  zinc  current  electrification  test.    The  first  earth  reading  added  to 
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the  last  electrification  reading  should,  in  this  case,  approximately 
eqnal  the  first  zinc  electrification  reading.  In  the  cable  in  question 
the  actual  earth  readings  observed  were  as  follows : — 


Earth  Readings. 

After  1  minate 

50 

„     2  minutes 

28 

»>     3        „ 

21 

»     4        >» 

17 

«■            5                  M 

14 

It  will  be  seen  that  in  this  case  the  first  earth  reading,  viz.  50, 
added  to  the  last  electrification  reading,  viz.  155,  is  205,  which  is 
the  same  as  the  first  zinc  electrification  reading. 

499.  If  there  is  not  time  to  take  readings  both  with  the  zinc  and 
copper  currents,  the  zinc  should  be  the  one  employed,  as  in  the  case 
of  a  fault  it  renders  the  latter  more  apparent,  the  copper  current 
having  the  e£Fect,  to  a  certain  extent,  of  sealing  up  a  defect. 

The  measurements  being  made,  the  resistance  at  the  end  of  the 
first  minute  with  the  zinc  current,  and  the  percentc^e  of  electrifica- 
tion between  the  first  and  second  minutes  and  (in  the  case  of  a 
completed  cable)  also  between  the  first  and  last  (usually  the  15th 
minute)  should  be  worked  out.  It  is  not  usual  or  necessary  to  carry 
the  calculations  beyond  this. 

Price's  Guard-Wire. 
*  Correcting  for  Surface  Leakage. 

500.  This  method,  devised  by  Mr.  W.  A.  Price,  is  shown  by 
Pig.  218.    A  A  are  the  two  ends  of  a  coil  of  cable  brought  out  of 


Fio.  218. 

the  tank  of  water  in  which  the  coil  is  immersed.  The  ends  are 
shown  trimmed  into  long  tapering  cones  in  the  usual  way,  so  as  to 
expose  a  large  clean  surface  of  the  dielectric,  as  well  as  the  ends, 

2  0 
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BB,  of  the  conductor.  CC  is  a  thin  copper  wire  (the  "goard- 
wire ")  wound  closely  two  or  three  times  round  the  middle  of  the 
taper  ends,  and  connected  as  shown.  Then  if  the  resistances  of  the 
surface  films  on  B,  C,  B,  C,  are  large  compared  with  that  of  the 
galvanometer,  B,  C,  B,  C,  are  all  at  the  same  potential,  and  no  leakage 
will  take  place  from  B,  B,  over  the  trimmed  surfaces. 

A  practical  test  of  this  method,  applied  to  a  piece  of  sound 
gutta-percha  core  immersed  in  water,  showed  the  following  result : — 

The  ends,  which  projected  several  feet  above  the  water,  were 
carefully  cleaned  and  trimmed.  The  connections  were  made  first 
without  any  guard-wire,  and  20  divisions  of  deflection  were  obtained 
on  the  galvanometer  scale,  indicating  a  dielectric  resistance  of 
18,000  m^ohms.  The  ends  were  lowered  into  the  water  till  only 
a  few  inches  remained  exposed,  and  these  were  rubbed  with  black- 
lead.  The  galvanometer  deflection  increased  to  124,000  divisions 
(124  with  Y^  shunt).  The  guard  wire  was  then  connected  without 
any  other  alteration,  and  the  deflection  obtained  was  20  divisions, 
as  before. 

Equally  clear  results  were  obtained  by  connecting  an  artificial 
leak  of  known  resistance  (one  megohm)  between  the  conductor  and 
the  earth,  and  joining  the  guard  lead  to  different  points  of  it. 

501.  *  The  guard-wire  affords  complete  protection  against  surface 
leakage  when  the  ends  of  the  cable  tested  are  near  the  galvanometer, 
so  that  it  is  possible  to  '*  air-insulate  "  the  wire  connecting  the  con- 
ductor of  the  cable  with  the  galvanometer  terminal.  A  difficulty, 
however,  arises  when  the  ends  of  the  cable  are  at  a  considerable  dis- 
tance from  the  testing  instrument ;  this  may  render  **  air  insulation  ** 
of  the  lead  impossible,  and  so  the  leakage  from  the  lead  must  be 
measured  and  sJlowed  for.  As  this  ^'  lead  leakage  "  may  be  as  large 
as  or  larger  than  that  through  the  mass  of  the  insulation  under  test, 
the  convenience  and  accuracy  of  th^  measurement  are  somewhat 
impaired.  By  applying  the  guard-wire  along  the  entire  length  of  the 
lead,  this  difficulty  may  be  overcome.  The  most  effective  as  well  as 
the  simplest  way  of  doing  this  is  to  use  a  concentric  wire  to  connect 
the  cable  and  gdvanometer,  the  inner  of  the  concentric  being  used  as 
the  "  lead,**  and  the  outer  as  the  "  guard-wire." 

This  arrangement  is  shown  by  Fig.  214. 

So  long  as  the  insulation  resistance  of  the  outer  of  the  concentric 
is  high  compared  with  the  internal  resistance  of  the  battery,  the 

*  Paper  read  by  Prof.  W.   E.  AyrtoD,  F.B.S.,  and  T.  Mather  befon  the 
Physioal  Society,  January  26th,  1900. 
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foregoing  method  gives  complete  protection  against  lead  leakage  and 
surface  leakage,  even  if  the  concentric  be  laid  along  the  gronnd  for  a 
considerable  distance. 

502.  Other  instances  in  whidi  special  applications  of  the  guard- 
wire  principle  have  been  f oond  convenient  have  arisen  in  cases  where 


Galvr. 


Fia.  214. 

it  has  been  necessary  to  determine  whether  a  defective  piece  of  cable 
was  bad  thronghont,  or  bad  owing  to  one  or  more  isolated  faults. 
When  two  tanks  are  available  (Fig.  215),  and  one  of  them  can  be 
moderately  well  insnlated  from  earth,  the  method  of  procedure  is  to 
.coil  about  half  the  cable  in  each  tank,  remove  the  metal  sheathing 
(if  any)  from  a  short  length,  say  1  inch,  of  the  cable  between  the 
two  tanks,  and  connect  the  guard-wire  with  the  insidated  tank  a& 
well  as  wrap  it  round  the  insulating  covering  near  the  extremity 
of  the  cable,  as  shown.  In  the  case  of  braided  and  other  un- 
sheathed cables,  the  covering  of  the  portion  between  the  two  tanks 
need  not  be  removed.    An  insulation  test  applied  under  the  above 


Galvr. 


Fia  215. 


conditions  gives  the  resistance  of  the  part  of  the  cable  in  the  earthed 
tank,  and  a  comparison  of  this  with  the  insulation  resistance  of  the 
whole  will  show  whether  one  half  is  worse  than  the  other  half.    By 

2  G  2 
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repeating  ihifi  test  with  say  one  quarter  of  the  cable  in  the  earthed 
tank,  and  the  remainder  in  the  other  tank,  the  question  of  local 
as  against  general  leakage  may  be  decided. 

Instead  of  two  tanks,  two  drams,  one  of  which  can  be  fairly  well 
insulated,  might  be  employed,  or  one  drum  and  one  tank  used,  for 
it  is  found  that  after  the  braiding  of  a  cable  has  been  thoroughly  wetted 
it  acts  as  a  fair  conductor  for  several  hours,  even  on  a  dry  day.  It 
is  therefore  not  essential  to  have  the  part  tested  completely  im- 
mersed, although,  of  course,  immersion  is  conducive  to  constancy  of 
temperature.  Sufficient  connection  with  the  wet  braiding  can  be 
made  by  wrapping  bare  wire  round  it.  If  the  cable  be  long  this  may 
be  done  at  several  places  along  its  length. 

By  employing  the  two  drums  above  mentioned,  faults  in  braided 
and  other  unsheathed  cables  can  readily  be  localised,  without  in  any 
way  injuring  the  cable.  After  connecting  the  guard-wire  with  the 
insulated  drum,  the  wetted  cable  is  wound  from  the  earthed  drum  to 
the  insulated  one,  the  galvanometer  being  connected  with  the  inner 
conductor  during  the  process.  When  the  fault  passes  to  the  insulated 
drum  a  sudden  diminution  of  deflection  occurs. 

503.  In  a  '*  Loss  of  charge  **  test  it  is  desirable  to  make  measure- 
ments both  with  and  without  a  guard-wire.  Unless  this  be  done, 
one  cannot  be  sure  that  surface  leakage  is  not  influencing  the  results 
obtained.  A  littie  consideration  will  show  that  if  any  smf  ace  leakage 
exists,  a  guard-wire  will  tend  to  keep  up  the  potential  of  the  inner 
conductor  during  the  period  of  **  insulation,"  and  therefore  cause  the 
insulation  resistance  to  appear  greater  than  its  true  value  ;  whereas 
if  no  guard-wire  be  used,  surface  leakage  will  f^ilitate  discharge  and 
cause  the  insulation  resistance  to  appear  less  than  its  true  value.  If, 
however,  the  two  tests  give  about  the  same  result  (care  having  been 
taken  to  properly  discharge  the  cable  between  them),  we  have  proof 
that  the  effect  of  surface  leakage  is  inappreciable.  It  is  frequently 
more  expeditious  to  make  the  two  tests  above  mentioned  than  to 
clean  and  coat  the  ends  with  paraffin  wax  iq  such  a  way  as  to  make 
one  feel  confident  that  no  surface  leakage  exists. 

504.  In  making  the  guard-wire  measurements  it  is  desirable  to 
put  the  guard  as  near  the  braiding  or  sheathing  as  practicable, 
consistent  with  keeping  the  resistance  between  the  guard-wire  and 
the  sheathing  high  compared  with  that  of  the  battery.  By  so  doing, 
any  error  due  to  the  guard-wire  is  lessened,  for  the  path  over  which 
surface  leakage  can  occur  is  made  as  long  as  possible,  and  nearly 
equal  to  that  over  which  leakage  takes  place  when  no  guard-wire  is 
used.    An  approximate  correction  is  then  possible,  even  when  the 
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two  tests  with  and  without  the  guard-wire  do  not  give  the  same 
result. 

Suppose,  for  example,  the  swing  of  the  galvanometer  needle  on 
the  first  charge  is  Si  divisions,  and  8^  s^  were  the  swings  on 
"  recharge  "  after  the  same  period  of  "  insulation  "  with  and  without 
guard-wire  respectively,  then  the  value,  «,  of  the  recharge  swing,  if 


8  =  2 ^  approximately. 

This  formula  is  generaUy  sufficiently  accurate  for  practical  pur- 
poses, but  it  is  possible  to  obtain  absolute  accuracy  in  the  use  of  the 
guard-wire  with  the  'Moss  of  charge'*  insulation  test  in  the  following 
way : — Instead  of  maintaining  the  potential  of  the  guard-wire  con- 
stant, while  that  of  the  insulated  conductor  is  steadily  falling,  cause 
the  potential  of  the  guard-wire  to  fall  at  the  same  rate  as  that  of  the 
insulated  conductor.  Then  no  electricity  can  pass  between  the 
conductor  and  the  guard-wire,  and  surface  leakage  will  be  absolutely 
prevented. 

505.  Price's  method,  it  has  been  pointed  out  by  Mr.  H.  Savage 
(Electrician  at  Messrs.  Henley's  Works,  North  Woolwich),  may  be 
applied  with  great  advantage  for  preventing  instrument  leakage 
when  testing  in  damp  weather.  This  leakage  causes  considerable 
trouble,  rendering  accurate  testing  impossible.  It  will  generally  be 
found  that  the  greatest  trouble  is  with  the  galvanometer,  as  while 
the  keys  and  shunt  box  may  be  insulated  by  placing  them  on  blocks 
of  paraffin  wax,  it  is  difficult  and  undesirable  to  move  the  galvano- 
meter to  take  this  special  precaution,  and  despite  any  amount  of 
drying  the  galvanometer  persistently  leaks.  This  trouble  may  be 
avoided  in  the  following  simple  way  : — Connect  the  levelling  screws 
of  the  galvanometer  together,  and  join  them  to  the  insulated 
terminal  of  the  battery  key.  Of  course,  the  galvanometer  will 
require  to  be  insulated  to  avoid  short-circuiting  the  battery,  but  this 
is  already  usually  done  by  standing  the  galvanometer  on  ebonite 
buttons,  or  suspending  it  by  rubber  tubes. 

This  guard-wire  method  succeeds  where  the  ordinary  methods 
fail  by  reason  of  moisture  on  the  surface.  Of  course,  the  same 
system  might  be  extended  to  the  shunt  box,  ete.,  due  care  being 
taken  to  avoid  accidental  contact.    During  damp  weather  a  leakage 
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of  200  Bcale  divisioiiB  with  750  volts  was  reduced  to  1  division  by  this 
method. 

506.  When  the  cable  is  connected  to  the  testing  instroments  by  a 
long  leading  wife,  then  at  the  commencement  of  the  test  the  end  of 
the  lead  should  be  disconnected  from  the  cable,  and  insulated ;  if  any 
deflection  is  observable  on  the  galvanometer  when  the  battery  cuir^t 
is  put  on,  this  deflection  must  be  subtracted  from  the  deflection 
obtained  when  the  cable  is  attached  to  the  lead.  In  malriiig  this 
correction  care  must  be  taken  that  the  same  shunt  (if  any)  is  con- 
nected to  the  galvanometer  as  will  be  employed  when  the  cable  is 
connected  to  the  lead,  or  if  no  shunt  is  used  with  the  lead,  then  the 
necessary  allowance  for  this  must  be  made. 

The  ends  of  the  lead  must  be  trimmed  in  the  same  manner  as  the 
ends  of  the  cable. 

The  practical  ways  of  noting  down  and  working  out  these  tests 
will  be  found  in  Chapter  XXYI. 

507.  At  the  works  of  Messrs.  Siemens  &  Co.,  Charlton,  the  method 
which  has  been  described  of  testing  the  completed  cable  is  not 
generally  adopted,  the  following  test  being  preferred  : — The  testing 
battery  is  applied  through  a  galvanometer  to  the  cable  in  the  usual 
way,  and  r^ings  for  five  consecutive  minutes  with  the  zinc  pole  of 
the  battery  to  the  cable  are  observed,  the  battery  is  then  imm^ately 
reversed  and  5  more  readings  of  one-minute  taken  ;  the  battery  is  then 
again  reversed,  and  so  on  until  six  sets  of  5  one-minute  readings  have 
been  noted,  vis.  three  with  a  zinc  and  three  with  a  copper  current, 
taken  alternately.  If  the  cable  is  in  good  condition,  then  the  last 
two  sets  of  readings  should  be  identical  in  value. 

Shunt  Tables, 

508.  When  a  large  number  of  cables  have  to  be  tested  daily  at  a 
factory,  any  contrivances  or  methods  for  shortening  calculations  are 
of  grcAt  value.  Now  the  use  of  shunts  of  different  values  for  obtain- 
ing readable  deflections  on  the  galvanometer  scale  with  different 
cables  is  continual,  and  the  working  out  of  the  multiplying  powers  of 
these  shunts  is  a  somewhat  tedious  operation  when  a  large  number 
have  to  be  calculated.  If  the  resistance  of  the  galvanometer  used  for 
making  the  tests  were  constant,  a  small  table  could  easily  be  calculated 
which  would  show  the  multiplying  power  of  any  particular  shunt  at 
a  glance ;  but  the  resistance  of  a  galvanometer  varies  considerably 
with  change  of  temperature,  and  therefore  under  ordinary  conditions 
a  table  of  the  kind  cannot  be  employed. 
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509.  A  very  simple  method  of  getting  over  the  foregoing  diffi- 
culty, devised  by  Mr.  Herbert  A.  Taylor,  is  in  use  in  the  testing 
rooms  of  the  Telegraph  Gonstraction  and  Maintenance  Company  : 
a  small  adjustable  set  of  resistance  coils  is  placed  directly  in  circuit 

with  the  galvanometer,  so  that  its  resistance  can  practically  be  main- 
tained at  any  desired  figure. 

The  resistance  of  the  ordinary  reflecting  galvanometer  usually 

averages  between  5000  and  6000" ;  by  having  the  galvanometer 

wound,  therefore,  so  that  in  the  hottest  weather  the  latter  value  is 

never  exceeded,  and  by  having  a  set  of  resistance  coils  adjustable 

from  1  up  to    about   1000*,  the   resistance   in   the  circuit   can 

always  be  kept  up  to  6000  under  all  conditions,  and,  therefore,  a 

table  giving  the  multiplying  power  of  shunts  for  a  galvanometer  of 

6000*  resistance  can    always  be    made   use  of.      Tables  of  this 

description  will  be  .found  at  the  end  of  the  book.    The  tables  also 

give  the  combined  resistance  of  the  galvanometer  and  shunt,  which 

may  sometimes  be  required  to  be  taken  into  account. 

510.  In  the  insulation  testing  of  submerged  cables  the  effects  of 
earth  currents  are  often  to  render  the  readings  somewhat  unsteady,  so 
that  considerable  discrimination  is  required  to  determine  whether  the 
observed  unsteadiness  is  due  to  this  cause  or  to  the  existence  of  a 
fault.  In  the  case  of  single  cored  cables  there  is  no  method  of 
eliminating  these  effects  of  earth  currents,  but  if  the  cable  is  multiple- 
cored  then  Mr.  F.  Jacob  points  out  that  by  a  simple  device  the  earth- 
current  difficulty  can  be  entirely  eliminated  and  excellent  results 
obtained.  This  device  concdsts  in  testing  two  of  the  cores  at  the 
same  time,  the  second  core  being  connected  to  the  pole  of  the  battery 
which  in  the  ordinary  insulation  test  is  put  to  earth,  the  battery 
being  well  insulated.  In  this  case  the  total  measured  insulation  of 
the  two  cores  is  double  that  of  a  single  one,  hence  the  mean  insulation 
per  mile  of  the  total  length  of  two  cores  will  be  the  total  measured 
insulation  multiplied  by  one-half  the  length  of  one  core. 

511.  Mr.  Jacob  further  points  out  that  this  method  may  be 
applied  in  other  tests — those  for  capacity,  for  example — ^it  being  only 
requisite  to  replace  all  the  connections  which  are  usually  put  to  earth 
by  connections  to  the  other  core,  the  distant  ends  of  the  two  cores  of 
course  being  left  separated  and  insulated.  In  this  case,  since  the  two 
cores  are  in  series,  the  joint  capacity  of  the  two  will  be  one-half  that 
of  a  single  core,  so  that  the  capacity  of  one  core  will  be  double  that 
of  the  total  measured  capacity. 

If  a  condenser  of  large  capacity,  i.e.  of  a  capacity  not  greatly  dis- 
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proportionate  to  the  total  capacitj  under  test,  is  available^  the  earth- 
corrent  effect  conld  probablj  be  greatly  reduced  by  interpoBing  this 
condenser  between  the  testing  apparatus  and  the  cable  under  tesL  In 
this  case  if  F]  be  the  capacity  of  the  cable,  F^  the  capacity  of  the 
condenser,  and/  the  joint  capacity  (in  cascade)  of  the  two,  then  (page 
848,  !  866), 

.        F,F, 
•^-Fi  +  F,' 
hence 

*»  -  F,  -/• 

512.  As  multiple  core  cables  usually  have  not  less  than  three  cores» 
by  making  a  series  of  tests  in  the  manner  indicated  for  conductor 
resistance  tests,  page  280,  the  individual  insulation  resistance  of  eadi 
wire  can  be  obtained  in  a  precisely  similar  way.  If  two  separate 
cables  which  lie  between  the  same  termini  are  tested  on  Mr.  Jacobus 
plan,  the  readings  obtained  will  be  much  steadier  than  when  each  cable 
is  tested  separately  in  the  ordinary  manner ;  but  they  will  seldom  be 
absolutely  steady,  showing  how  local  and  variable  the  earth-current 
changes  are.  In  order  to  ascertain  the  individual  insulation  of  each 
cable  by  a  test  of  this  kind,  the  approximate  relative  values  of  the 
insulation  of  each  cable  can  be  ascertained  by  balancing  one  cable 
against  the  other  in  a  Wheatstone  bridge,  and  then  dividing  the  total 
observed  insulation  of  the  two  in  the  proportion  of  these  relative 
values. 

518.  It  may  be  mentioned  that  it  has  been  proved  experimentally* 
that  the  insulation  resistance  of  a  cable  core  or  insulated  wire  in  perfect 
condition  is  the  same  whether  it  is  measured  with  a  low  or  with  a  high 
battery  power.  It  has  been  stated,  however,  that  this  is  not  the  case 
when  the  power  is  of  several  thousand  volts  potential. 

*  The  *  Eleotrioal  Beview/  April  11th,  1890,  page  39S ; « Joanial  of  the 
tntion  of  Eleotrioal  Engineers,'  Mo.  95,  page  620. 
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CHAPTER  XVI. 
MEASUREMENT  OF  RESISTANCES  BT  POTENTIALS. 

514.  There  are  two  distinct  ways  of  measnriiig  resistaiices  by 
potentials : — 

Ist.  By  noting  the  fall  of  potential  along  a  known  resistance  with 

which  the  unknown  resistance  is  in  connection. 

2nd.  By  noting  the  rate  at  which  a  condenser  of  a  known 

capacity  loses  its  potential  when  it  discharges  itself  through  the  on* 
known  resistance. 

Fall  of  Potential  Method. 

515.  If  a  battery  is  connected  to  a  resistance  B  +  2;,  as  shown  by 
Fig.  216,  the  potential  of  the  battery  may  be  regarded  as*  falling 
r^nlarly  along  the  resistance,  being  full  at  a  and  zero  at  c.  ;  The 


mw^'—h 


Fio.  216. 


same  would  be  the  case  if  c  and  d  were  connected  together  instead  of 
being  put  to  earth.    By  similar  triangles  we  have 


therefore 


or 


V :  r  : :  R  +  aj  :  0?, 

\  X  =  rR  +  vaj, 
a.(V-  r)  =  Rv, 

*  See  Chapter  XI.,  page  853,  §  880. 
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from  which 

Y  being  the  potential  at  a,  and  v  the  potential  at  b.  So  that,  if 
B  is  a  known-  resistance,  we  can,  by  observing  the  values  of  Y  and 
r,  determine  the  valae  of  x. 

For  example. 

If  R  =  1000-,  Y  =  800,  and  v  ^  200,  then 

516.  The  relative  values  of  the  potentials  can  be  measured  by 
means  of  a  condenser.  To  do  this,  join  up  the  condenser  and 
galvanometer  as  shown  by  Fig.  173,  page  845,  the  terminals,  how- 
ever, which  are  there  represented  as  being  in  connection  with  a  battery 
being,  in  the  present  case,  connected  to  the  points  a  and  d  (or  c\  for 
determining  Y,  and  to  b  and  d  (or  c)  for  determining  v.  The  con- 
denser discharges  in  the  two  cases  give  Y  and  v. 

Another,  and  for  most  cases  a  preferable,  method  of  measuring 
the  potentisds,  is  to  insert  a  galvanometer  between  the  point  at  which 
the  potential  is  to  be  measured  and  the  earth,  there  being  in  the 
circuit  a  resistance  several  thousand  times  greater  than  the  resistance 
of  the  conductor  of  the  cable.  The  permanent  deflections  in  this 
case  indicate  the  potentials  (§  384,  page  855). 

517.  Instead  of  measuring  the  potential  Y,  the  value  of  Y  -  9 
can  at  once  be  determined  by  connecting  the  wires  from  the 
condenser,  etc.  (or  from  the  ^vanometer  and  high  resistance), 
to  the  points  a  and  b;   the  deflection  in  this  case  gives  directly 

V  -  V.    So  that  if  v'  represents  this  difference  of  potential,  then 


518.  Tlie  oonditioDfl  for  making  the  test  by  formula  [A]  in  the  beat  possible 
manner  are  precisely  similar  to  those  in  the  ease  of  the  **  Divided  Charge  Method  '* 
of  measuring  the  eleutrotstatio  oapaoity  of  a  cable  or  condenser  (page  412) ;  for 
equation  [A]  page  412)  in  this  latter  test  is  similar  to  (though  not  identical  with) 

equation  [A]  (giyeii  above)  of  the  test  under  conaideration.    We  must,  in  fisot, 

y 
adjust  B  until  we  make  v  approximately  equal  to  —,  that  la  to  say,  we  must  make 

3 

B  about  twice  as  large  as  x. 
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In  the  cftfle  of  equation  [B]  (page  458)  the  conditionB  are  slightly  diiferent, 
for  here  the  quantity  rf  replaces  (Y—  o),  and  although  ^  and  (Y—  v)are  equal, 
yet  inasmuch  as  «'  is  the  result  of  a  single  obserration  only,  there  can  be  but  one 
enor  in  it ;  consequently,  to  determine  the  best  conditions  for  making  the  test* 
we  must  take  equation  [A]  page  458),  and  assume  an  error  I  to  exist  in  «  only. 

Let  A  be  the  enor  in  %  oause.l  by  an  error  9  in  v,  then 

»  +  A  =  B        ^+« 


V  -  («  +  d)  • 
but  since 

x:=^^ 1?_.    or,    B  =  »X^1^, 

V  —  «  « 

therefore 

V-©..       t+«  ,1      _  Yd 


L   „       v-(«  +  «)      J 


„  [  V  -  (»  +  d)  ]  • 
or,  since  8  is  a  very  small  quantity,  we  may  say 

«  (V  —  «) 

Now  we  have  to  make  x  as  wma&  as  possible ;  this  we  shall  do,  since  2,  Y,  and 
I  are  constant  quantities,  by  making  v  (.Y—  v)  as  {arys  as  possible. 


But 


.(Y-.)  =  ^-(|..)% 


and  to  make  this  expression  as  large  as  possible  we  most  make  _  —  v  as  small 
as  possible ;  that  is,  since  v  must  be  positive,  we  must  make  it  equal  to  0,  or 

y  -  »  =  0, 
2 


V=2«; 

1/  =  Y-  V, 


therefore 

but 
therefore 

in  which  case  we  get 

x  =  B; 

that  is  to  say,  in  order  to  make  the  tost  as  accurately  as  possible,  we  most  make 
B  approximately  equal  to  «. 

519.  If,  instead  of  introducing  the  unknown  resistance  a?,  and 
the  known  resistance  R,  between  the  points  a  and  c,  we  join  the  pole 
a  of  the  battery  direct  on  to  ft,  we  can  determine  the  value  of  x  by 
simply  noting  V,  and  then  inserting  an  adjustable  resistance  in  the 
place  of  a?,  and  altering  it  until  we  make  the  potential  at  ft  to  be  V, 
as  at  first,  when  of  course  «  =  £. 
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Best  Conditions  for  making  the  Test. 

520.  In  the  case  of  formola 

.  =  E^.  [A] 

make  B  approximately  eqnal  to  2  a;. 
In  the  case  of  f  ormala 

«  =  R*.  [B] 

make  R  approximately  eqnal  to  x. 

Possible  Degree  of  Accuracy  attainable. 
In  the  case  of  formula  [A] 

Percentage  of  aocoiacy  =>        rv       \ — ' 

In  the  case  of  formula  [B] 

Percentage  of  aocniBcy  =  ^(^_±Jp2^ .  [C] 

where  8  is  the  fraction  of  a  dimion  to  which  each  of  ihe  deflectton^ 
y,  V,  and  t/  can  be  read. 

Loss  OF  Potential  Method. 

521.  In  Chapter  XIII.,  page  396,  an  equation 

T 


F  = 


2-808Rlog- 

V 


was  obtained,  where  F  was  the  electrostatic  capacity  in  microfarads^ 
of  a  condenser,  or  cable,  the  potential  of  whose  charge  fell  from  Y  to 
V  when  it  was  discharged  during  T  seconds  through  a  resistance  of  B 
megohms. 

Now  if  F  is  the  known  and  B  the  unknown  quantity,  then 

T 


Tl 


2-308Flog- 

V 


so  that  we  can  determine  the  value  of  a  resistance  by  a  capacity  and 
loss  of  charge  measurement. 

522.  The  connections  for  making  such  a  test  would  be  precisely 
similar  to  those  given  for  determining  electrostatic  capacities  by  loss 
of  charge  (§  441,  page  401). 
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If  we  were  measaring  the  resistance  of  a  short  cable  by  this 
method,  the  discharge  deflection  Y,  compared  with  the  discharge 
deflection  obtained  with  the  same  battery  from  a  standard  condenser, 
would  give  us  the  value  of  F.  For  long  cables,  however,  as  we  have 
before  explained,  this  does  not  give  correct  results,  so  the  capacity 
must  be  determined  by  other  methods,  Kelvin's  for  example 
(page  402). 

523.  From  (!  484,  page  397)  it  is  obvious  that  we  must  have 

Best  Conditions  for  making  the  Test, 

Possible  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  R ^  . 

2-308  r  log  — 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
Y  and  v  can  be  read. 


Kelvin's  Method.* 

524.  In  Fig.  217,  which  shows  the  connections  for  the  test,  G  is 
a  galvanometer  ;  K,  a  Rymer-Jones  key  (page  849) ;  k^  a  short-cirouit 
key ;  S,  a  Kelvin- Yarley  slide  resistance  (page  254).  The  test  is  then 
made  in  the  following  manner. 

The  slides  are  set  so  that  a  convenient  potential,  Y,  can  be 
obtained  at  the  slider  d.  Key  K  is  then  moved  over  to  the  left  so  as  to 
charge  the  cable  for,  say,  5  seconds,  and  then  moved  to  the  "insulate" 
position  so  that  the  battery  is  cut  off.  t  seconds  afterwards  the  key 
is  again  turned  to  the  left  (key  k  being  depressed),  and  the  deflection 
produced  by  the  inrush  which  replaces  the  charge  which  has  leaked 
out  during  the  "  insulate  "  period,  is  noted.  This  series  of  operations 
is  repeated  several  times,  and  the  mean  of  the  observed  deflections  is 
taken  as  being  the  correct  result 

Now  if  during  the  "  insulate  "  period  the  potential  of  the  charge 


*  This  method  was  devifled  by  Sir  WUliam  Thomson  (Lord  Kelvin)  in  1875, 
but  appean  to  have  been  forgotten.  Dr.  A.  Tobler  (Profeflsor  in  the  Federal 
Polyteohnic  School  at  Zurich)  called  attention  to  it  in  the  '  Electrical  Beyiew ' 
for  October  8th,  1897. 
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has  fallen  from  Y  to,  say,  t^^,  Uien  the  potential,  v,  lost  will  be 

and  this  will  be  the  potential  which  is  added  to  the  charge  when  the 
inrofih  deflection  is  noted. 

To  determine  the  value  of  v,  turn  key  E  to  the  right  so  as  to  dis- 
charge the  cable,  and  shift  the  slides  so  that  the  potential  at  c^  is 
altered  in  value,  depress  key  k  and  then  turn  key  E  over  to  the  left. 
If  the  new  adjustment  of  the  slides  happens  to  be  such  that  the 


Fia.  217. 


1 1 1 1 1  \m 


potential  at  d  is  equal  to  v,  then  the  movement  of  key  E  will  have 
caused  a  similar  deflection  to  that  obtained  in  the  first  instance.  If, 
however,  the  deflection  is  not  the  same,  then  the  position  of  the  slides 
must  be  altered  until  the  movement  of  the  key  E  causes  the  original 
deflection  to  be  reproduced,  and  consequently  the  correct  value  of  v 
to  be  obtained. 

Since  the  resistance,  B,  of  the  cable  is  given  by  the  formula 

MM    =^  11^ 

2-808  Flog- 

F  being  the  capacity  of  the  cable  (page  460),  and  since 

r  =»  V  -  rj,    or,    »i  =  V  -  r, 

we  have 

T 


B 


2-808  F  log —^ 
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For  example. 

The  following  valaeis  of  V  and  v  were  found  on  the  slides : — 

V  =  10,000,        V  =  8500  ; 

the  capacity,  F,  of  the  cable  was  5  microfarads,  and  the  time,  T,  one 
minate  (60  seconds)  ;  what  was  the  resistance  of  the  cable  ? 
We  have 

V  - 1^  =  10,000  -  8500  =  1500, 
therefore 

R  =  55 — ^^  =  ^\ =  6-82  m^ohms. 

2.303  X  5  log  i^^      2-808X5X-824  *^ 

^  1500 

The  great  advantage  of  the  above-described  test  over  the  ordinary 
loss  of  potential  method  (page  460)  lies  in  the  fact  that  the  deflection 
which  represents  the  loss  of  charge  in  the  cable,  can  be  exactly  re- 
produced by  the  operation,  whikt  in  the  ordinary  method,  two 
sometimes  widely  different  deflections  (at  beginning  and  end  of  time 
T)  have  to  be  compared. 

Gott's  Proof  Condenser  Method. 

525.  An  excellent  method  of  determining  the  relative  values  of 
Y  and  v  in  the  "  loss  of  potential "  test  (page  460)  has  been  suggested 
by  Mr.  J.  Oott.  This  method  avoids  the  necessity  of  discharging 
the  cable,  and  consists  in  applying  what  may  be  termed  a  "  proof  " 
condenser  to  the  latter,  and  then  measuring  the  discharge  from  the 
same.  This  condenser  should  be  of  small  capacity,  so  as  not  to 
remove  an  appreciable  portion  of  the  charge  from  the  cable ;  if  this 
is  the  case  it  is  obvious  that  the  discharge  obtained  from  the  con- 
denser, after  it  has  been  connected  for  a  few  seconds  to  the  cable  at 
any  particular  time,  will  represent  the  potential  which  the  cable  haa 
at  that  time. 

526.  When  the  insulation  resistance  of  a  cable  is  measured  by  the 
foregoing  methods,  the  result  obtained  is  a  mean  of  the  resistances 
which  the  cable  has  at  the  conmiencement  and  at  the  end  of  the  test, 
as  eUcMfieation  (page  444)  goes  on  the  whole  time  the  chaise  is 
falling. 

527.  Experimental  results  show  that  in  the  case  of  a  cable  whose 
core  is  insulated  with  gutta-percha,  if  the  cable  be  charged  10  seconds 
before  taking  the  discharge  Y,  and  again  10  seconds  before  insu- 
lating it  preparatory  to  observing  the  discharge  t;,  then  the  value 
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of  R  after  1  minute,  obtained  from  the  formula  agrees  with  that 
obtained  by  the  constant  deflection  m^od  given  in  the  last  chapter 
(S  488,  page  442). 

528.  If  we  know  the  potential  which  the  cable  has  when  follj 
cluuged,  and  also  its  potential  after  a  certain  time,  we  can  determine 
the  potential  it  will  have  after  any  other  time  in  the  following 
manner: — 

A  chained  cable  loses  equal  percentages  of  its  charge  in  equal 
times,  that  is  to  say — ^if ,  for  example,  5  per  cent,  of  its  charge  were 
lost  during  the  first  second,  then  five  per  cent,  of  what  remainsd 
would  be  lost  in  the  second  second. 

Let  y  be  the  potential  at  first ; 
V        „  „    after  1  sec. ; 

Vi       „  „       „    tj  secSi ; 

and  let  us  suppose  the  charge  loses  —  th  of  its  potential  during  the 
first  second ;  then  the  potential  at  the  end  of  the  first  second  will  be 

and  the  potential  at  end  of  the  second  second  will  be 
but  from  equation  [1]  we  get 


V-t;  • 
therefore  substituting  this  value  in  [2]  the  latter  quantity  becomes 

^  ,     which  equals    V  (~  j  , 
and  consequently  the  potential  at  the  end  of  ^  seconds  will  be 


also  we  must  have 


iyf-'" 
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therefore 


and 


i< 


"2 


that  is, 


log  y 


log^  logj 

log^i  log- 

/V  example.  . 

The  potential  at  first  was  800  (V),  and  after  20  seconds  (^)  it  fell 
to  200  (v^).    After  what  time  (^2)  ^o^d  it  fall  to  100  (v^)  ? 

loff  ^-^?  2-4771213 

_        ^QQ       >/,  _  2 '  0000000 
^2  "  ,      ^  ^  ^^  "  2-4771213  ^  20  -  ^*  8®cs. 

^  200  2-8010300 

529.  As  it  is  generally  necessary  to  know  the  time  the  charge  in 
a  cable  will  take  to  fall  to  half  charge,  the  formula  becomes 

.  _  -80108    . 

h V — ■  ^- 

log^ 

530.  The  formolaB  given  are  capable  of  various  modifications, 
which,  however,  are  more  of  a  fanciful  than  of  an  actual  and  practical 
value. 

Thus  the  f  ormulsB 

R  «  — —^  ;  and,  F  =      ^ 


V  '  —  '  •  V 

Flog.1  Rlog.l 

may  be  simplified  if  we  make  v  =  --  ,  f  or  in  this  case 

log.  J=  log.2  =  -698; 


2  H 
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therefore 

^  ^    nl.-t^  =  l**-^-"^^;  and,  F  =  -^t^  =  1'443  J. 
•698  F  F  -693  R  R 

To  obtain  ezperimentallj  the  time  oocapied  in  falling  to  half 
charg;e,  repeated  trials  would  be  necessary,  and  the  time  involved 
would  hanlly  compensate  for  the  advantage  of  using  a  simpler 
formula. 

The  object  of  obtaining  the  time  of  fall  to  half  charge  is  to  get 
a  convenient  unit  for  comparison  with  other  cables,  and  this  time  of 
fall  is  easily  calculated  from  the  formula  before  given,  in  which  the 
potential  i^ter  any  time  may  be  used,  this  being  obtained  by  one 
observation  only. 

531.  A  useful  formula  is  that  suggested  by  Sir  W.  H.  Preece, 
which  is  obtained  in  the  following  manner  :  — 

In  the  equation 

.  _  -80108   . 

let  n  =  percentage  of  loss  of  time  ^i,  then 

(V-rQlOO. 

n y ' 

therefoTe 

_  Y 100  -  n . 

*^»       ^      100     ' 

substituting  this  value  of  f'|  in  the  above  equation,  we  get 

•80108        .    ^  -80108 

^  "  :"  "    iOO     '   '       2  000  -log(100"-  n)  '  *' 
^^  100  -  n 

For  example. 

If  a  cable  lost  20  per  cent,  of  its  charge  in  five  minutes,  in  how 
many  minutes  would  it  fall  to  half  chaise  ? 

/   =. ^^^ ..  X  5  =  15' 82". 

*      2-000  -  log  (100  -  20) 

582.  From  the  equations 
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we  can  find  what  would  be  the  potential,  v^^  after  a  certain  interval 
of  time,  ^,  the  potential  at  first,  and  the  potential  v^,  after  a  time,  ^, 
being  given. 

Thus  we  have  from  the  foregoinglequations 

therefore 


".  -  H^) 


This  formula  would  have  to  be  worked  out  by  the  aid  of  loga- 
rithmic tables. 

For  example. 

The  potential  of  the  charge  in  a  cable  when  full  was  300  (Y). 
After  20  minutes  (t{)  the  potential  fell  to  200  (v{).  What  would  be 
the  potential  v^  at  the  end  of  30  minutes  (^)  ? 

\^  /2\^ 


/200\2^  /2\ 


log  2=    -3010300 
log  3  =    ^4771213 

1- 8289087 
3 


Alj4717261 
'^1-7358631 


2)1-'--'- 

n • 73586 

loor  300  =  2-4771213 

2-2129844  =  log  of  163-3. 

533.  In  connection  with  the  foregoing  tests  it  may  be  mentioned 
that,  in  testing  cables,  it  is  usual  to  make  fall  of  charge  measure- 
ments, but  not  to  work  out  the  results  by  any  of  the  foregoing 
formulae ;  the  general  practice  being  simply  to  calculate  and  record 
the  j)ercentage  of  fall. 


2  H  2 
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CHAPTER  XVII. 
LOCALISATION  OF  FAULTS  BY  FALL  OF  POTENTIALS. 

Clark's  Method. 

534.  In  F^.  216  (page  457)  in  the  last  chapter,  \1  h  c  were 
a  portion  of  a  cable  making  fidl  earth  at  ^,  then  by  determining 
he  hj  the  method  described  we  should  find  the  position  of  the 
break. 

Supposing,  however,  a  cable  had  a  fault  which  did  not  make 
full  earth,  then  the  potential  would  not  fall  to  zero  at  that  point, 
but  would  have  a  value  depending  upon  the  resistance  of  the  fault. 
The  potential,  however,  would  be  the  same  as  the  potential  at  the 
further  end  of  the  cable,  provided  that  end  were  insulated. 

If  we  can  determine  the  value  of  this  potential,  we  can  readSy 
localise  the  position  of  the  fault. 


FiA.  218. 

In  Fig.  218  let  60  be  the  cable  which  has  a  fault  at  c,  the  end  of 
the  cable  at  e  being  insulated  ;  and  let  *R  be  the  resistance  between 
the  battery  at  the  end  of  the  cable  &,  then 


therefore 


V-tfiir-ViirR  +  jcrji;; 
a:(V-ri)  =  (f?-ri)R  +  {v-v^x^ 
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or 
therefore 


that  is, 


^  =  R^^.  [A] 


585.  If,  as  explained  in  the  last  test  (§  516,  page  458),  the  value 
of  y  -  t^  were  at  once  determined  by  connecting  the  wires  from  the 
condenser,  etc.  (or  from  the  galvanometer  and  high  resistance),  to 
the  points  a  and  &,  then  if  this  difference  of  potential  be  called  i/, 

^  =  RLzJi.  CB] 

586.  In  order  to  determine  the  relative  values  of  the  potentials 
at  the  two  ends  of  the  cable,  their  values  with  reference  to  some 
standard  of  potential  or  electromotive  force  must  be  obtained.  For 
this  purpose  any  of  the  standard  cells  mentioned  in  Chapter  VII. 
(page  176)  may  be  used. 

The  way  in  which  such  standard  cells  would  be  employed  for 
making  the  test  just  considered,  would  be  as  follows  : — 

The  electrician  at  a  charges  a  condenser  from  one  of  the  standard 
cells,  and  notes  the  discharge  deflection  on  his  galvanometer.  This 
deflection,  then,  represents  the  potential  of  the  cell. 

The  wires  from  the  standard  cell  are  now  disconnected,  one  wire 
is  connected  to  earth,  and  the  other  to  a,  and  again  a  discharge 
reading  is  taken  ;  then  this  reading,  divided  by  the  reading  obtained 
with  the  standard  cell,  and  multiplied  by  the  electromotive  force  of 
the  cell,  gives  the  value  of  Y  in  terms  of  the  potential  or  electromotive 
force  of  the  standard  cell.  The  wire  at  a  is  then  disconnected  and 
joined  to  b,  and  another  discharge  measured,  which  result  divided  by 
the  standard  discharge,  and  multiplied  by  the  force  of  the  cell,  gives 
the  value  of  v. 

The  electrician  at  the  other  end,  $,  of  the  cable  makes  a  similar 
test,  and  thus  determines  the  valine  of  r^. 

The  capacities  of  the  condensers  at  the  two  stations,  it  may  be 
observed,  need  not  be  alike. 
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For  example. 

The  discharge  deflection  obtained  from  a  condenser  at  station  a 
with  a  standard  cell  of  1*458  volts  electromotive  force,  was  150 
divisions.  The  potentials  V  and  r,  measured  with  the  same  condenser, 
gave  deflections  equivalent  to  2550  and  1050  divisions  respectively ; 
therefore 

V  =  ^^x  1-453  =  24-701; 

V  =i^  X  1-458  =  10-171. 

150 

The  discharge  deflection  obtained  from  a  condenser  at  station  «, 
with  a  standard  cell  of  1*462  volts  electromotive  force,  was  180 
divisions.  The  potential  r^,  measured  with  the  same  condenser,  gave 
a  discharge  deflection  of  360  divisions ;  therefore 

2;   =?^  X  1-462  =  2-924. 

^      180 

R  was  equal  to  lOOO*.     What  was  the  value  of  «  ? 

^  =  1000  l^llILll:^  =498-8-, 
24-701  -  10-171 

showing  that  the  fault  was  498-8*"  distant  from  the  end  b  of  the 

cable.    If  the  length  of  the  cable  were,  say,  80  knots,  and  its  total 

conductor  resistance  800'',  or  10*"  per  knot,  then  the  distance  of 

498*8 
the  fault  from  b  would  be ,  or  49  •  88,  knots. 

10 

The  value  of  v^  when  obtained  at  s  would  be  telegraphed  to  h ; 
this  could  be  done,  as  the  cable  would  not  entirely  be  broken  down. 

If  the  potentials  are  measured  by  observing  the  permanent 
deflections  obtained  through  a  high  resistance  (§  384,  page  355), 
the  observations  with  the  standard  cells  must  be  made  in  the  same 
manner. 

537.  In  making  the  test  there  is  liability  of  errors  in  Y,  «,  and  «|,  and  these 
errors  will  produce  the  greatest  total  error  in  x  ^hen  the  errors  in  Y  and  v, 
are  minus,  and  the  error  in  v  is  plus ;  let  each  of  the  errors  be  S,  and  let  A  be 
the  total  error  produced  in  x,  then 

^  -L.  X  -  p  (<>  +  ^)  -  (gi  "  O  -  p  <^  -  <>i  +  2^ 
*  +  ^  -  *(V-«).(«  +  a)  -  *  V-- t~2  a' 
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or 

but 

therefore 

"     U  -  r,      V  -t;-28        J  ~     (»  -  r,)CV  -  r  -  28)' 
but,  since  8  is  small,  we  may  say 


A  =  X 


or 

28(V-i;i) 


A  =  X 


(t'-t^i)[CV-f^,)-Cr-»,)] 


Now,  if  (Y  —  V,)  be  regarded  as  a  constant  quantity,  then  in  order  to  make  A 
as  small  as  possible  the  denominator  of  the  fraction  must  be  made  as  small  as 
possible ;  from  the  investigation  given  in  §  518  (page  458),  it  will  be  seen  that  in 
order  to  effect  this  it  is  necessary  to  make 

(.  -  ..)  =  (Y  p). 

that  is  to  say,  we  must  make  B  approximately  equal  to  x. 

In  the  case  of  formula  [B]  (page  469)  the  conditions  for  making  the  test  in 
the  most  satisffiotory  manner,  are  slightly  different  from  the  foregoing ;  for  since 
(V  —  «)  in  this  case  is  obtained  by  a  single  measurement,  i^,  there  can  be  but 
one  enor,  8,  in  it ;  then 

L^^^     V-v-d       J       (t^-ri)(V-r-a)' 

but,  since  9  is  very  small, 

^,^g(2V-i^-t>,) 
(•-«0(V-i»)' 

or 

\  =  x    »P(V-t^Or(^-^i)] 

(f-r.)[(V-t,,)-(r-t;0]* 

Now  this  equation  is  of  the  same  form  as  equation  [F]  (page  144),  consequently 
the  investigation  there  given  may  be  applied  to  the  present  case.  In  the  latter, 
the  ooeiBoiettts  of  ( Y  —  V|)  and  (v  —  «,)  are  2  and  —  1  respectively ;  if  there- 
fore in  equation  [G]  (page  144)  —  ^  be  substituted  for  k,  and  also  x  and  B,  for  0, 
and  Gi,  respectively,  tiie  conditions  required  will  be  obtained ;  then 


V 


-  I,,  =       JjZTl^^        or,      7-r,  =  (v-vO  (±  +  l) 
V-J+1+1  W2        / 

=  («-«,)  1-7071; 
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that  18  to  say,  we  miut  have 

B  =  1-7071  as. 

Practically  we  may  say,  make 

approximately. 

We  have  therefore 

Best  GondUiom  for  making  the  Test. 
588.  In  the  case  of  fonnak 


a:  =  B^i.  [A] 


make  R  approximately  equal  to  x. 
In  the  case  of  formula 

«  =  R^,  [BJ 

make  B  approximately  equal  to  2  a;. 

PossibU  DegtM  of  Accuracy  attainable. 
In  the  case  of  formula  [A] 

Percentage  of  accuracy  =     — -  r-  ^^^- — ^^ 

In  the  case  of  formula  [B] 

Percentage  of  accuracy  =     ^  v  ' 

Where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 

Siemens'  Equal  Potentdll  Method. 

589.  In  Fig.  219  (page  478)  let  B  E  be  the  cable  which  has  a 
fault  at  Cj  X  and  y  being  distances  on  either  side  of  the  fault,  and  z 
the  equivalent  length  of  the  latter.  Suppose  that  one  pole  of  a 
battery  is  connected  at  B,  the  other  pole  being  to  earth,  then  if  the 
end  of  the  cable  at  E  is  insulated,  then,  as  in  the  last  test,  the 
potential  at  E  will  be  the  same  as  the  potential  at  the  fault.  Next 
suppose  that  the  battery  at  B  is  removed,  and  that  that  end  of  the 
cable  is  insulated  ;  then,  if  a  battery  is  connected  to  E,  of  such  a 
strength  that  the  potential  at  the  fault,  and  therefore  at  B,  is  the 
same  as  was  the  potential  at  E  in  the  first  case,  then  Yg  will  be  tbe 
new  potential  at  E. 
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Now, 


therefore 


If  ?  be  the  length  of  the  cable,  then 

Z  =  «  +  y,    or,    y  =  Z  -  aj ; 


therefore 


X 


l-x      Vg-^i' 


that  is, 
or 


«(V2-»i)  =  /(Vi-t;,)-a!(V,-t;i), 


X  =  I 


V,-», 


/"(^r  example. 

In  a  faulty  cable  500  knots  (Z)  long,  after  adjusting  the  potentials 
according  to  the  foregoing  method,  the  values  of  the  same  were  found 
to  be 

Vi  =  200, 
Vg  =  300, 
v^  =  40. 

What  was  the  distance  (x)  of  the  fault  from  B  ? 

200  -  40 


X  =  500 


=  190-5  knots. 


(800  -  40)  +  (200  -  40) 

540.  In  making  the  test  practically,  the  following  course  would 
be  pursued : — 

Station  B   first  connects  one  pole  of  a   battery  direct  to  the 
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cable,  the  other  pole  being  to  earth,  whilst  E  insolates  his  end  of  the 
cable.  This  being  done,  B  notes  the  potential  V^,  and  E  the  potential 
v^.  When  B  thinks  that  sufficient  time  has  elapsed  for  E  to  have 
taken  his  observation,  he  removes  the  battery  and  insulates  his  end 
of  the  cable.  E  noting  that  his  potential  has  fallen  to  zero  connects 
up  his  speaking  apparatus,  and  B  having  done  the  same,  E  com- 
municates to  B  the  result  he  has  obtained. 

Station  E  now  connects  his  .battery  to  the  cable,  taking  care 
that  the  pole  connected  to  the  latter  is  similar  to  that  employed  by 
B  in  the  first  instance.  The  latter  observes  the  potential  at  his  end 
of  the  cable,  and  if  it  is  not  the  same  as  that  previously  obtained  at 
E,  he  informs  the  latter,  by  means  of  signals  agreed  upon,  that  such 
is  the  case,  whereupon  E  increases  or  decreases  his  battery  power,  and 
regulates  it  by  varying  a  resistance  in  its  circuit,  until  the  potential 
at  B  is  made  the  same  as  it  was  at  E  on  the  first  occasion.  The 
potential  Y,  is  then  noted  by  E,  and  the  result  being  reduced  to 
terms  of  a  standard  cell,*  is  communicated  to  B.  The  latter  station, 
having  also  reduced  his  results  to  terms  of  a  standard  cell,  then  works 
out  the  formula,  and  thus  determines  the  position  of  the  fault. 

541.  For  localising  faults  in  long  cables  this  method  is  more 
accurate  than  the  previous  one,  as  it  is  not  so  much  influenced  by 
the  resultant  fault  f  produced  by  the  conductivity  of  the  insulating 
sheathing,  more  especially  if  the  fault  is  near  the  middle  of  the 
cable. 

It  must  be  understood  that  both  tests  are  only  accurate  in  cases 
where  the  total  insulation  resistance  of  the  cable  is  very  high  com- 
pared with  the  resistance  of  the  fault,  for  in  such  cases  the  fall  of 
potential  is  practically  represented  by  a  straight  line,  and  the  f  ormulie 
are  constructed  on  this  assumption. 

When,  however,  the  cable  is  very  long  and  the  total  insulation 
resistance  consequently  comparatively  low,  then  the  potential  cannot 
be  regarded  as  falling  regularly  from  end  to  end,  but  must  be 
graphically  represented  by  a  curve,  and  the  potential  at  the  fault  is 
less  than  that  indicated  in  the  sti^aight  line  diagram,  and  the  potential 
at  the  extreme  end  is  lower  still.  The  exact  formulse  for  these  tests 
are  considered  in  Chapter  XXII. 

542.  From  the  nature  of  the  test  it  must  be  evident  that  there 
are  no  particular  conditions  which  enable  a  maximum  degree  of 
accuracy  to  be  obtained,  except  that  the  battery  power  employed 
should  be  sufiicient  to  enable  high  deflections  to  be  produced. 

*  See  §  536,  page  467.  t  See  §  354,  page  830. 
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Possible  Degree  of  Accuracy  attainable. 

ry  ^  r  200  8 

Percentage  of  accuracy  =  ^ , 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 

Siemens'  Equilibrium  Method.* 

543.  If  two  batteries  have  their  opposite  poles  connected  to  the 
ends  of  a  perfect  cable,  their  other  poles  being  to  earth,  then  the  fall 
of  potential  along  the  cable  is  continuous  and  cuts  the  latter  at  a 
certain  point.  The  position  of  this  point  can  be  varied  by  altering 
the  relative  electromotive  forces  of  the  batteries,  or  by  adding  re- 
sistances between  the  batteries  and  the  ends  of  the  cable.  In  the 
case  of  a  faulty  cable,  if  the  fault  is  at  this  point,  then  no  current 
parses  from  the  fault  to  earth,  consequently  any  alteration  in  the  re- 
sistance of  the  fault  does  not  affect  the  values  of  the  potentials  at  the 
different  points  along  the  line  of  fall. 


Fio.  220. 

By  observing  what  arrangement  of  resistances  and  electromotive 
forces  is  necessary  to  bring  the  zero  point  to  the  fault,  the  position  of 
the  latter  can  be  accurately  determined. 

In  Fig.  220  let  x  and  ^  be  the  portions  of  the  cable  on  either  side 
of  the  fault,  and  let  r,  r  be  equal  resistances  connected  to  either  end 
of  the  cable,  also  let  R^  and  Bj  be  resistances  whose  values  can  be 
varied  at  pleasure. 

Now,  in  making  the  test  we  have  to  adjust  R^  and  R2  so  that 
the  potential  at  the  fault  shall  be  at  zero,  and   consequently  that 

*  *  Joamal  of  the  Society  of  Telegraph-EngiDeera,'  yoL  y.  page  61.  This 
method,  it  shoidd  be  zemarKed,  is  substantially  the  same  as  that  devised  by 
M.  Emile  Laooine,  and  described  in  vol.  iv.  page  97,  of  the  same  lournal. 
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A  B  shall  be  a  straight  line.    To  obtain  this  resalt  we  must  have 


or 


and  also 


or 


and  again 


^     y ' 

Vi :  1^1 : :  r  +  a? :  a?. 


^       *         X 


Vj :  Vg  =  ir  -\-yiy. 


or 


from  which  we  get 

that  is  to  say — ^in  order  that  A  B  may  be  a  straight  line,  the  differences 
of  the  potentials  on  either  side  of  r,  at  both  ends  of  the  cable,  must 
be  the  same. 

544.  To  obtain  this  resalt  in  practice  only  one  of  the  resistances 
Bj  and  Bg  need  be  adjusted.  The  best  way  of  making  the  test  would 
then  be  as  follows : — 

The  two  stations  would  first  adjust  their  galvanometers  by  means 
of  the  movable  magnets  so  that  tiiey  both  give  precisely  the  same 
deflections  when  a  current  from  a  standard  cell  through  a  standard 
resistance  is  sent  through  them.  This  being  done,  batteries  E^  and 
Eg  are  connected  by  the  two  stations  to  the  ends  of  the  cable,  and 
then  the  adjusted  galvanometers  are  severaUy  connected  on  each  side 
of  the  respective  resistances  r  and  r  at  the  two  stations,  there  being 
in  the  circuit  of  each  galvanometer  very  high,  but  equal,  resistances. 
Station  A,  say,  now  adjusts  B^  and  watches  the  effect  on  his  galvano- 
meter ;  B  also  watches  the  effect  on  his  own  galvanometer,  and  from 
time  to  time  signals  to  A  the  deflection  he  obtains  :  this  signalling  is 
easily  done  by  having  the  front  contact  of  a  well-insulated  key  con- 
nected to  the  end  of  the  cable,  and  the  back  contact  connected  to 
earth,  whilst  the  lever  of  the  key  is  connected  to  one  terminal  of  a 
small  condenser  whose  second  terminal  is  to  earth.  By  pressing 
down  this  key  a  small  quantity  of  the  charge  in  the  cable  will  rush 
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into  the  condenser,  and  a  momentary  movement  of  the  galvanometer 
needle  at  station  A  will  be  produced ;  bj  arranging  that  so  many 
movements  shall  represent  a  particular  deflection,  B  can  easily  com- 
mnnicate  his  results  to  A. 

When  exact  adjustment  is  obtained,  that  is  to  say,  when  (Y^  -  v^) 
and  (V2-t'2)  ^"^  equal,  the  galvanometers  are  disconnected  from 
either  side  of  r  and  r,  and  the  potential  v^  is  measured ;  x  is  then 
obtained  from  the  formula 

1/ 

where  t/  equals  (Yi-Vi),  as  in  the  "Fall  of  Potential  Method"  of 
measuring  a  resistance,  page  457. 

545.  To  make  the  foregoing  test  as  accurately  as  possible  it  is 
advisable,  for  the  reason  explained  in  §  518,  page  458  (after  the  value 
of  X  has  been  obtained  by  a  rough  test),  to  adjust  r  and  r  so  that 
they  shall  each  be  approximately  equal  to  x. 

With  regard  to  the  possible  degree  of  accuracy  obtainable,  there  is 
liability  of  error  in  obtaining  the  value  of  Y^  -  e^^,  but  inasmuch  as 
Vi  -  Vi  may  itself  contain  an  error  due  to  Vg  -  v^  being  incorrectly 
measured,  the  actual  total  error  which  may  exist  in  x  must  be  twice 
that  given  by  formula  [C]  (page  460)  ;  consequently  we  have 

Best  Conditions  for  making  the  Test. 
Make  r,  r,  each  approximately  equal  to  x. 

Possible  Degree  of  Accuracy  attainable, 

D         i.         *                    S  (v,  + «/)  200 
Percentage  of  accuracy  =  -^-^^ / , 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 


Pall  of  Potbntial  Tbst  foe  an  Earth  Fault  when  the  Con- 
ductor IS  not  broken.  Rtmer  Jones*  Null  Method  between 
Ship  and  Shore. 

546.  Condenser  discharges  through  a  Kelvin  marine  galvano- 
meter (page  70)  cannot  be  accurately  compared  on  board  a  ship  when 
the  latter  is  rolling  or  pitching ;  the  deflections  are  also  too  abrupt 
to  be  easily  read.    For  measuring  discharges,  a  well-balanced  Sullivan 
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galvanometer  (page  77)  is  a  great  improYement  on  the  old  ironclad 
marine  instrument,  yet  large  throws  are  very  rapid  and  difficult  to 
note  with  accuracy,  consequently  three  or  four  discharges  most  be 
noted  to  make  sure  of  the  exact  reading,  even  when  this  remaiDB 
constant.  It  is  preferable,  therefore,  in  such  a  case  to  employ  a  null 
method  in  order  to  measure  potentials. 

Shore  Measurements  (Fig.  221).— At  some  full  minute,  pre- 
arranged between  the  ship  and  shore,  the  latter,  say,  applies  the 
negative  pole  of  his  battery  to  the  cable  through  a  resistance  R, 


r--^|i|i|r 
r5i  shoT*» 


Cahle^ 


It' 


J^' 


Jl  f  End  onBoafvLFr'&^ 


FiO.  221. 


which  should  approximate  to  the  conductor  resistance  of  the  cable  up 
to  the  fault  plus  the  resistance  of  the  fault,  as  found  by  a  preliminary 
test  when  the  distant  end  on  board  is  insulated. 

A  condenser  is  then  charged  in  turn  from  the  cable  and  battezr 
ends  of  R,  while  the  cable  end  on  board  is/rM,  and  a  series  of  dis- 
charges from  both  these  points  is  recorded  during  (say)  5  or  10 
minutes.  The  number  of  readings  required  will  depend  on  their 
regularity,  since  in  the  case  of  a  higli  resistance  fault  Uie  throws  will 
often  vary  greatly.  Widely  different  readings — indicative  of  great 
momentary  changes  at  the  fault — should  be  discarded.  The  trae 
determination  of  the  position  of  an  unsteady  fault  will  often  entirely 
dei)end  on  the  judgment  of  the  operator  in  selecting  the  most 
reliable  discharges. 

As  the  potential  at  B  is  very  much  less  affected  by  a  change  in 
the  fault  resistance  than  the  potential  at  C,  the  greater  number  of 
readings  should  be  recorded  from  C  ;  and  only  when  these  vary  con- 
siderably will  it  be  necessary  to  do  more  than  occasionally  check  the 
discharge  from  B. 

The  mean  values  of  two  series  of  discharge  readings  taken  at  C 
and  B,  represent  respectively  the  potentials  j9  and  P. 

To  compare  these  values  with  p'  measured  on  board,  it  is  neoessaiy 
to  know  the  exact  values  of  P  and  p  in  volts,  or  in  terms  of  a 
standard  cell  similar  to  that  used  on  board  for  determining  p ',  as 
explained  in  §  536,  page  469. 


I 


LOCALISATION   OF  FAULTS  BY   PALL  OF  POTENTIALS.        479 

Accuracy  can  only  be  secored  by  a  large  number  of  throws — 
hence  the  advantage  of  using  with  an  astatic  reflecting  galvanometer, 
a  magnetised  knife  blade,  or  better  still,  a  very  small  electro-magnet 
placed  near  to  the  galvanometer,  and  energised  by  a  single  cell  and  a 
suitable  reversing  key  close  to  the  operator's  hand,  to  bring  the  spot 
of  light  quickly  back  to  zero  after  each  discharge  (§  99,  page  100). 

For  this  reason  a  dead-beat  Sullivan  galvanometer — as  constructed 
for  shore  use — is  well  suited  for  this  part  of  the  test;  but  when 
using  a  galvanometer  on  the  d'Arsonval  principle  (or  indeed  any 
form  of  astatic  galvanometer)  for  measuring  throws,  a  universal 
shunt  (pages  110-116)  should  be  employed  to  insure  discharges 
differing  in  strength  being  strictly  comparable. 

Sh^  Measurements  (Fig.  222). — Concurrently  with  tests  being 
made  on  shore,  the  ship  is  measuring  the  potential  p',  caused  by 


Cable 


fm^^ 


'—J 


Pio.  222. 


the  current  applied  to  the  cable  from  the  shore  station,  by  a  null 
method  based  on  Kelvin's  capacity  test  (page  402),  which  differs 
from  it  only  in  the  fact  that  potentials  are  compared  instead  of 
capacities. 

Suppose  Fi  and  Fg  are  condensers  of  eqtial  capacity.  Should  the 
fault  have  a  high  resistance,  a  capacity  of  one-third,  or  one  micro- 
farad, will  suf&ce  for  each  ;  but  if  the  fault  resistance  be  not  great,  a 
larger  capacity  (say  5  or  10  microfarads)  will  be  more  suitable. 
Battery  h  is  joined  up  to  a  high  resistance — a  slide  resistance  of 
100,000''  if  available — and  through  this  the  potential  falls  as  shown 
by  the  dotted  line.  The  electromotive  force  of  b  need  be  of  no 
particular  value  provided  that  at  some  point  along  the  slide  resist- 
ance a  potential  exists  equal  (but  opposite  in  sign)  to  p'  (Fig.  221) 
at  the  end  of  the  cable.     This  will  generally  be  much  below  the 
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potential  of  the  battery  on  shore ;  it  will  be  snppoeed,  however,  that 
the  ship  uses  about  the  same  number  of  cells  as  the  shore  station  so 
as  to  allow  a  wide  mai^. 

Depressing  key  K  charges  Fg  nsgoHvely  from  the  cable,  and  Fj 
positively  from  a  point  of  the  slide  resistance  (to  be  found  by  re- 
peated trials)  of  equal  potential  to  that  of  the  cable.  Since  these 
two  condensers  have  equal  capacity  and  are  oppositely  charged,  it 
follows  that  if,  on  allowing  the  key  to  rise,  and  keys  k^  and  K 
to  rise  with  it  against  their  upper  contacts,  the  two  charges 
neutralise  each  other,  the  potential  at  the  end  of  the  cable  will 
be  equal  to  that  at  contact  c.  In  other  words,  if,  after  allowing 
the  charges  to  mix  for,  say  5  seconds,  no  discharge  passes  through 
the  galvanometer  when  k  is  depressed,  then  the  potential  at  the  slide 
contact  c  will  be  equal  (though  opposite  in  sign)  to  the  potential 
at  the  end  of  the  cable,  and  will  be  given  by  the  index  slide  in  terms 
of  the  total  electromotive  force  of  the  battery  power  circulating 
through  its  coils,  which  is  represented  by  100,000.  Thus,  if  a 
balance  be  produced  with  the  slide  contact  at  4000  from  the  zero 
end,  the  potential  p'  (in  volts)  at  the  end  of  the  cable  will  be 

P'  =  ,  t^^l^  X  E.M.F.  of  b  used  on  board.  [1] 

^       100,000  *■ 

The  two  condensers  on  board  need  not  be  of  the  same  capacity ; 
thus,  supposing  F^  to  be  one-fifth  of  Fj,  a  balance  may  be  obtained 
if  F^  be  charged  by  a  potential  five  times  as  high  as  p'  at  the  end  of 
the  cable — i.e.  c  has  to  be  20,000  instead  of  4000  ;  in  this  case,  to 
obtain  the  true  potential  p\  the  scale  readings  indicated  by  the  slide 
contact  c  must  be  divided  by  the  known  ratio  (5)  between  the  two 

condensers,  i.e.  — «  -  =  4000  (as  above). 

To  make  p'  comparable  with  P  andjp,  and  all  three  applicable  to 
Clark's  fall  of  potential  formula  (page  469),  viz. : — 

Distance  of  fault  =  R  j?""^  ohms  from  the  shore  station, 

it  is  necessary  to  know  the  exact  electromotive  force  of  battery  h 
on  board  either  in  volts,  or  in  terms  of  a  standard  cell  similar  to  the 
one  used  on  shore. 

On  board  this  is  found  by  a  modification  of  Poggendorf's  method 
(page  207),  the  slide  resistance  being  used  as  a  Clark's  potentiometer 
(page  222).  The  slide  contact  c  is  moved  up  the  scale  till,  on  tapping 
the  key  momentarily,  no  current  influences  the  galvanometer  Q,  thus 
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showing  equilibrium  between  the  potential  of  the  standard  cell  8,  and 
that  on  the  slide  at  this  point  c,  at  a  ohms  from  the  zero  end  of  the 
coils;  then 

E.M.P.  of  ^  =  ^^^-^^  standard  cells, 

a 

which,  inserted  in  equation  [1]  (page  480),  gives 

4000        ^     100000  T3,,rT3         .^U         ^        J        -I         n 

P  = ,  AAAAA  ^ ^  E.M.F.  of  the  standard  ceU 

100000  a 

=  ^99^  standard  cells. 
a 

If  the  ship  and  shore  standard  cells  are  similar  (as  might  be  the 
case),  it  is  unnecessary  to  know  their  electromotive  force  ;  but  should 
the  two  differ,  either  their  respective  voltages,  or  else  the  precise  ratio 
which  they  bear  to  each  other  (as  shown  by  a  discharge  test),  must  be 
known,  in  order  to  correct  the  ship's  value  p'  by  this  ratio  and  make  it 
comparable  with  P  snip. 


2  I 
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CHAPTER    XVIII. 

TESTS  DURING  THE  LAYING  OF  A  CABLE. 

T'  547.  The  immediate  detection  of  a  fault  which  may  occnr  in  a 
cable  during  its  submersion  is  a  point  of  great  importance.  To 
enable  this  to  be  done,  a  good  system  of  testing  is  requisite. 

Whatever  the  system  be,  it  should  be  a  continuous  one,  that  is  to 
say,  the  cable  should  be  continuously  and  visibly  under  test,  so  that 
the  moment  a  fault  occurs  it  may  be  detected  by  the  ship  and  traced. 

System  fob  GoMPOUirD  Cables. 

548.  For  laying  cables  which  are  not  more  than  200  miles  or  so 
in  length,  and  which  have  several  wires,  the  method  shown  by  Fig.  222 
may  be  employed. 

SHIP  SHORE 


Fig.  222. 


In  this  system  the  wires  are  all  connected  up  in  one  continuous 
length  as  shown.  Should  there  be  an  odd  number  of  wures,  the  odd 
one  would  have  to  be  coupled  on  to  one  of  the  others  in  '*  multiple 


arc." 


In  Fig.  222,  g^  and  g^  are  two  ordinary  "detector"  galvanometers 
well  insulated.  The  battery  «,  of  one  or  two  cells  (also  well  insulated), 
keeps  a  continuous  current  circulating  through  these  galvanometers 
and  the  conducting  wires  of  the  cable ;  this  serves  as  a  "  continuity  " 
test,  for  if  any  of  the  wires  should  break  within  their  insulating 
sheathing,  the  circuit  becomes  interrupted,  and  consequently  Uie 
needles  of  both  galvanometers  will  fall  back  to  sero.  In  the  case  of 
a  cable  with  an  odd  number  of  wires,  should  the  conductor  of  either 
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of  the  two  which  are  coupled  together  become  broken,  then  the  needles 
will  only  fall  back  a  little  way  and  not  back  to  zero ;  this,  however, 
will  be  quite  sofficient  to  indicate  that  the  conductor  is  fractured. 

The  galvanometer  G  is  of  the  marine  description,  shown  on  page 
71,  and  is  connected  to  one  of  the  wires.  The  battery  E,  of  about 
200  cells,  keeps  a  continuous  current  flowing  through  the  galvano- 
meter and  through  the  insulation  covering  of  the  wires.  If  a  fault 
occurs  in  the  insulation,  the  current  by  escaping  direct  to  earth 
causes  an  immediate  and  very  large  increase  in  the  deflection  of  the 
needle  of  G. 

In  order  to  keep  up  communication  with  the  shore,  the  current 
from  battery  e  is  reversed  after  certain  equal  intervals  of  time.  If 
the  shore  perceives  that  the  reversal  has  not  taken  place,  or  that  the 
needle  of  g^  is  not  steadily  deflected,  it  is  known  tl^t  something  has 
gone  wrong,  or  that  the  ship  wishes  to  communicate  with  the  shore  ;  the 
speaking  apparatus  is,  therefore,  joined  up  and  efforts  made  to  communi- 
cate with  the  ship.  The  galvanometers  g^  and  g^  could  be  used  for  this 
purpose  by  having  well  insulated  keys  inserted  in  the  circuit  at  the  ship 
and  on  shore,  these  keys  being  so  arranged  that  their  depression  breaks 
the  circuit  ;  the  movements  of  the  needles  could  then  be  worked 
according  to  the  ordinary  Morse  code,  and  communication  be  kept 
up  without  interrupting  the  insulation  test. 


System  fob  Single  Wibe  Cables. 

549.  The  method  just  described  is  only  applicable  to  a  cable 
which  has  more  than  one  wire,  for  although  with  the  latter  the 
insulation  test  would  be  kept  up,  there  would  be  no  means  of  com- 
municating with  the  shore.  In  such  cases  the  following  plan  may 
be  adopted : — 

The  end  of  the  cable  on  board  the  ship  lb  weU  insulated,  and 
connected  to  a  battery  and  Kelvin  galvanometer  as  in  the  previous 
test,  and  as  shown  by  Fig.  228  (page  484).  On  shore  (Fig.  224)  a 
condenser  is  provided,  one  terminal  of  which  is  connected  to  a  brass 
lever  which  plays  between  two  insulated  contacts  ;  one  of  these  con- 
tacts is  connected  to  the  second  terminal  of  the  condenser,  which 
latter  terminal  is  also  connected,  through  a  Kelvin  galvanometer, 
to  earth ;  the  other  contact  is  connected  to  the  conductor  of  the 
cable.  The  battery  connected  to  the  cable  on  board  the  ship  charges 
the  former  to  a  certain  potential,  and  the  value  of  this  potential  will 
be  the  same  throughout  the  whole  length,  provided  no  fault  exists. 

2  I  2 
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If  the  lever  on  shore  be  moved  against  the  contact  connected  to  ihe 
cable,  a  portion  of  the  charge  in  the  latter  will  rash  into  the  con- 
denser, and  will  charge  np  the  set  of  plates,  to  which  it  is  connected, 
to  the  same  potential  as  the  cable ;  the  second  set  of  plates  will 
become  charged  to  the  opposite  potential  bj  a  charge  rnshing  in 
from  earth  through  the'  galvanometer ;  this  in-msh  will  produce  a 

SHORE 
SHIP 


Fio.  228.  Fio.  224. 

throtOf  or  momentary  deflection  of  the  needle,  the  amount  of  which 
will  represent  the  potential  of  the  chai^  in  the  condenser,  that  is, 
the  potential  at  the  end  of  the  cable.  If  now  the  lever  be  moved 
from  the  cable  contact  to  the  contact  connected  to  the  condenser, 
the  latter  will  be  short-circuited  and  discharged.  The  rush  of  the 
charge  into  the  condenser  when  the  latter  is  connected  to  the  cable 
contact,  produces  a  simultaneous  rush  into  the  cable  from  the  battery 
on  the  ship,  and  as  this  takes  place  through  the  galvanometer  on 
board  the  ship  a  sudden  throw  is  produced  on  the  needle.  Now  if  a 
fault  occurs  during  the  laying,  the  steady  deflection  on  the  ship's 
galvanometer,  which  is  due  to  a  flow  of  current  through  the  dielectric 
of  the  cable,  and  which  is  distinct  from  the  throw  which  takes  place 
when  the  condenser  becomes  connected  to  the  cable  at  the  shore  end, 
becomes  greatly  increased  and  renders  the  presence  of  the  fault 
evident  immediately.  On  shore  the  effect  of  the  fault  is  to 
reduce  the  potential  at  that  end  of  the  cable,  and  consequentlj  the 
charge  which  the  condenser  takes  becomes  correspondingly  reduced ; 
when,  therefore,  the  condenser  becomes  charged  tlurough  the  galvano- 
meter, a  reduced  throw  is  produced,  which  thus  shows  the  dbore  the 
existence  of  the  fault. 

The  lever  on  shore  which  charges  and  discharges  the  condenser 
is  moved  by  clockwork  which  causes  it  to  act  every  five  minutes,  so 
that  every  hour  twelve  throws  are  observed  on  each  galvanometer. 
At  the  end  of  every  hour  the  ship  reverses  the  battery  so  that  th^ 
direction  of  the  throws  is  changed. 

In  order  to  enable  the  ship  to  communicate  with   the  shore, 
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instructions  are  given  that  if  at  the  end  of  the  honr  the  throws  do 
not  become  reversed,  or  if  they  become  reversed  before  the  expiration 
of  the  hour,  it  is  a  sign  that  the  ship  wishes  to  communicate  with 
the  shore ;  in  this  case,  then,  the  shore  disconnects  the  cable  from 
the  clock  lever  and  connects  it  with  the  speaking  apparatus,  and  as 
the  ship  does  the  same,  the  necessary  communications  can  be  carried 
on.  If,  on  the  other  hand,  the  shore  wishes  to  call  the  attention  of 
the  ship,  it  can  be  done  by  moving  a  lever,  corresponding  to  the  clock 
lever,  two  or  three  times,  quickly,  by  hand ;  the  ship  then  observing 
that  the  throws  on  the  galvanometer  take  place  quickly,  instead  of 
at  intervals  of  five  minutes,  immediately  joins  up  the  speaking 
apparatus,  and  thus  communicates  with  the  shore. 

The  movement  of  the  lever  L  in  the  foregoing  system  of  testing 
is  effected,  as  has  been  pointed  out,  by  means  of  a  clock,  but  L  may 
be  a  hand-worked  key,  and  this  is  sometimes  preferred,  as  although 
a  clock  ensures  the  discharges  being  obtained  after  regular  intervals 
of  time,  yet  the  hand  method  ensures  the  necessary  watchfulness  of 
the  electrician  on  shore,  which  is  a  point  of  importance. 

WiLLOuaHBY  Smith's  System. 

550.  For  long  single-wire  cables  a  refinement  of  the  foregoing 
method,  devised  by  the  late  Mr.  Willoughby  Smith,  has  been  adopted. 
This  system  is  shown  by  Figs.  225  and  226  (page  486). 

On  shore,  the  cable  is  connected  to  a  key  E,  galvanometer  G,, 
and  condenser  C^  as  in  the  last  method  of  testing.  To  the  cable 
there  is  also  connected  a  resistance  in  circuit  with  a  galvanometer  0. 
This  resistance  is  very  much  greater  than  the  total  insulation  resist- 
ance of  the  cable,  and  consequently  it  does  not  appreciably  affect  the 
potential  measured  by  the  key  E,  whilst  it  allows  sufficient  current 
to  pass  through  the  galvanometer  G  to  produce  a  sensible  deflection 
of  its  needle. 

The  high  resistance  is  made  of  selenium,  and  it  must  be  carefully 
excluded  from  light,  and  kept  at  as  uniform  a  temperature  as  possible, 
otherwise  it  will  vary  considerably. 

On  the  ship  the  cable  is  connected  to  a  Eelvin-Varley  bridge 
similar  to  that  shown  by  Fig.  124,  page  255. 

The  working  of  the  apparatus  is  then  as  follows  : — 

On  the  ship,  plugs  are  inserted  at  p^  and  p^,  and  balance  is  kept 
on  the  galvanometer  G^  by  adjusting  the  slides  of  the  slide  resist- 
ances, the  resistance  B  being  preserved  constant.  This  gives  the 
insulation  of  the  cable. 
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Galvanometer  6^  is  kepfc  short^ircoited  under  ordinaiy  oon- 
ditions,  it  being  only  used  occasionally  for  the  purpose  of  ascertaining 
whether  the  batteries  are  in  good  order. 


SHORE 


Fio.  225. 


#mi^ 


Fig.  226. 


Should  it  be  thought  advisable,  as  a  check,  to  take  an  oidinary 
deflection  insulation  test  (page  442),  this  can  be  done  by  removing 
the  plugs  Pi  and  P2 ;  the  current  then  passes  direct  from  the  battery 
through  the  galvanometer  64  into  the  cable. 

On  shore  the  potential  at  the  end  of  the  cable  is  observed  on 
Gg  by  depressing  the  key  K  every  five  minutes.  The  deflectionB 
obtained  are  noted  and  recorded. 
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The  battery  E  is  reversed  every  fifteen  minutes  by  the  ship,  and 
this  is  observed  on  the  galvanometer  G  and  shows  that  the  condactor 
of  the  cable  is  entire.  If  the  ship  requires  to  communicate  with  the 
shore,  it  reverses  the  battery  several  times  after  short  intervals ;  this 
is  acknowledged  by  the  shore  by  means  of  the  key  K  ;  when  this  is 
done,  the  shore  moves  over  the  switch  8^  and  receives  signals  from 
the  ship  on  galvanometer  G3  through  the  medium  of  the  condenser 
Gj.  The  insulation  test  is  not  intennpted  by  this  signalling,  as  the 
cable  remains  insulated  the  whole  time.  The  effect  of  working  the 
signalling  key  E^  is  only  to  add  or  subtract  a  little  from  the  charge 
in  the  cable  through  the  medium  of  the  condenser,  and  thereby  to 
produce  momentary  deflections  on  the  galvanometer  Gg.  The  same 
is  the  case  when  the  shore  signals  to  the  ship,  the  switch  S^  being 
moved  over  to  key  Kj  for  that  purpose. 

Yarious  slight  modifications  have  been,  and  are,  employed  in 
practically  using  this  method,  but  the  general  arrangement  is  that 
which  has  been  indicated. 

See  also  '*  Rymer  Jones'  Null  Method,"  page  477. 
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CHAPTER  XIX. 
JOINT-TESTING. 

551.  Joints  are  the  weak  points  in  a  cable,  and  it  is  therefore 
essential  that  thej  should  be  not  only  carefully  made  bat  carefully 
tested. 

A  joint,  being  a  very  short  length  of  the  core,  offers,  or  should 
offer,  a  very  high  resistance  ;  it  would  consequently  be  impossible  to 
test  it  by  a  direct  deflection  method,  that  is,  a  method  similar  to  that 
by  which  the  insulation  resistance  of  a  cable  is  taken  (page  442)- 
Even  with  a  very  powerful  battery,  the  galvanometer  deflection,  pro- 
vided the  joints  were  good,  would  be  quite  inappreciable.  One  or 
other  of  the  following  methods  must  therefore  be  adopted. 

A  condenser  can  be  charged  through  the  medium  of  the  joint, 
and  after  a  noted  time  the  discharge  taken,  which  gives  the  amount 
which  has  leaked  through  the  joint.  This  is  known  as  ClarVs 
accumulation  method. 

Or  a  charged  condenser  may  be  allowed  to  discharge  itself  through 
the  joint,  and  the  amount  lost  after  a  certain  time  noted. 

In  both  these  methods  the  dischai^e  deflections  are  compared 
with  the  results  obtained  with  a  few  feet  of  perfect  core. 

Olabk's  Accukulation  Method. 

552.  A  gutta-percha  or  ebonite  trough  is  provided,  which  is  sus- 
pended by  long  ebonite  rods  from  any  convenient  hook. 

The  good  insulation  of  the  trough  is  a  point  of  great  importance, 
and  consequently  the  suspending  rods  should  be  quite  dry  and  clean. 
The  most  effectual  way  of  obtaining  this  result  is  to  well  scour  the 
surface  of  the  ebonite  with  a  glass  or  emery  paper  ;  this  is  a  mach 
better  method  than  covering  the  surface  with  hot  paraffin  wax  as  is 
sometimes  done. 

558.  It  may  here  be  remarked  that  surface  leakage  is  almost  the 
only  medium  of  loss  to  be  feared  in  electrical  apparatus,  and  ttus  should 
always  be  seen  to  by  keeping  all  surfaces  over  which  leakage  is  likelj 
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to  occar,  in  proper  condition.  The  peculiar  formation  of  ebonite 
canses  minute  quantities  of  sulphuric  acid  to  form  on  its  surface,  so 
that  the  latter  should  often  be  rubbed  over  with  a  dry  cloth.  Hot 
paraffin  wax  painted  over  the  dry  surfaces  is  very  advantageous,  but, 
where  appearance  is  immateiial,  nothing  is  so  effectual  as  a  surface 
well  scoured  with  glass  or  emery  paper. 

554.  The  trough  is  filled  with  water,  and  the  joint  to  be  tested  is 
immersed  and  held  down  in  it  by  two  hooks  placed  at  the  bottom. 

The  portion  of  the  core  on  either  side  of  the  joint  should  be 
carefully  dried  (not  paraffined),  for  the  same  reason  that  the  sus- 
pending rods  were  so  treated. 

The  connections  for  the  test,  shown  by  Fig.  227,  are  very  similar 
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Fig.  227. 


to  those  shown  by  Fig.  178,  page  345 ;  the  only  diflference  being 
that  the  pole  of  the  battery,  which  in  that  figure  was  connected 
directly  to  the  condenser,  is,  in  the  joint  test,  connected  to  it  through 
tlie  medium  of  the  joint.  The  battery  used  should  be  as  large  as 
possible  ;  200  Daniell  cells  is  the  power  very  commonly  employed. 
555.  After  the  joint   is   placed  in  the  trough  for  testing,  it  is 
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necessary  to  see  thafc  the  latter  is  sofficiently  well  insalated.  To 
do  this  the  pole  of  the  battery,  which  for  the  regular  test  would 
be  connected  to  the  core,  most  be  connected  to  the  wire  attached 
to  the  plate  in  the  trough,  and  the  discbarge  key  pressed  down: 
this  charges  the  condenser  ;  the  battery  being  then  disconnected 
from  the  plate,  an  interval  of  time  (usually  one  minute)  equal  to 
that  which  would  be  occupied  by  the  test  of  the  joint,  is  allowed  to 
elapse,  and  then  the  "  Discharge  **  trigger  is  pressed  and  the  dischaige 
noted  ;  this  should  be  equal,  or  very  nearly  so,  to  the  instantaneous 
discharge. 

556.  The  good  insulation  of  the  trough  being  satisfactorily 
obtained,  and  the  connections  being  made  as  shown  by  Fig.  227 
(page  489),  the  short-circuit  plug  of  the  condenser  must  be  inserted 
in  its  place,  the  discharge  key  pressed  down,  and  then  the  short- 
circuit  plug  removed  ;  the  battery  then  charges  the  condenser  through 
the  joidt. 

After  a  certain  time,  usually  one  minute,  the  discharge  deflection 
must  be  noted.  A  similar  measurement  must  also  be  made,  using  a 
length  of  perfect  core  in  the  place  of  the  joint.  If,  in  the  latter 
case,  the  diischai^e  deflection  after  the  same  interval  of  time  is  much 
less  than  that  obtained  from  the  joint,  the  latter  is  defective  and  must 
be  remade. 

557.  It  is  a  very  important  point  in  making  the  test  to  insert 
the  short-circuit  plug  in  the  condenser  previous  to  depressing  the 
discharge  key;  if  this  is  not  done,  an  induced  charge  is  thrown 
into  the  condenser  by  the  sudden  rush  of  the  battery  current  into  the 
core  when  the  discharge  key  is  depressed.  This  induced  charge  will 
give  a  considerable  deflection  when  the  condenser  is  discharged,  which 
deflection  is  in  no  way  due  to  leakage  through  the  joint,  though  it 
might  be  mistaken  for  such.  By  keeping  the  condenser  short-circuited 
this  induced  charge  is  dissipated. 

558.  If  the  joint  is  good,  the  discharge  deflection  seldom  exceeds 
two  or  three  divisions.  Indeed,  the  fact  that  it  does  not  do  so  is 
usually  a  quite  sufficient  proof  of  the  soundness  of  the  joint,  and  it  is 
not  often  the  case  that  a  comparison  with  a  piece  of  perfect  core  is 
necessary. 

DisGiUBOB  Method. 

559.  This  is  a  reversal  of  the  foregoing,  and  consists  in  chaig- 
ing  the  condenser  full  and  letting  it  dischaige  itself  through  the 
joint. 
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The  oonnecfcioDs  for  making  this  test  would  be  simUar  to  those 
employed  in  measuring  high  resistances  by  the  loss  of  potential 
method  given  in  Chapter  XVI.,  page  460  (§  521),  the  one  end  of  the 
core  taking  the  place  of  one  end  of  the  resistance,  and  the  plate  in 
the  trough  the  place  of  the  other  end. 

560.  When  a  joint  is  made  in  a  cable  core  at  sea,  neither  end 
can  be  got  at.  The  joint,  however,  could  be  tested  by  making  the 
connections  as  for  the  discharge  method  of  testing,  only  instead  of 
joining  the  core  to  the  condenser  terminal,  the  latter,  and  also  the 
cable  end,  would  be  put  to  earth.  To  carry  out  the  test  in  this 
manner,  arrangements  would  have  to  be  made  with  the  shore,  previous 
to  the  manufacture  of  the  joint,  that  at  a  certain  time  the  end  of  the 
cable  shall  be  put  to  earth. 

As  a  matter  of  fact,  joints  made  at  sea  are  never  tested,  though 
there  seems  no  reason  why  they  should  not  be  so. 

561.  We  may  if  we  please,  in  both  the  foregoing  tests,  place 
the  galvanometer  between  the  back  terminal  of  the  key  and  the 
condenser,  and  join  the  two  terminals  from  which  it  was  removed, 
by  a  piece  of  wire.  We  should  then  get  a  charge  as  well  as  a  dis* 
charge  deflection,  and  there  is  this  advantage,  that  if  the  joint  is  very 
bad  or  the  trough  not  well  insulated,  we  should  get  a  permanent 
deflection  after  the  charge  deflection  has  taken  place. 

562.  The  connections  should  always  be  so  made  that  the  zinc 
pole  of  the  battery  is  connected  to  the  core,  and  the  copper  pole  to  the 
plate. 

563.  It  is  very  advisable  to  employ  a  special  condenser  for  making 
these  tests,  for  if  one  is  used  which  has  been  charged  at  any  time 
with  a  high  battery  power,  it  will  often  be  found  that  a  portion  of 
this  charge  will  have  become  absorbed,  and  when  the  condenser  is 
left  to  itself,  this  portion  will  become  free  and  give  a  discharge  which 
may  be  mistaken  for  an  accumulation  through  the  joint. 

Eleotboheteb  Method. 

564.  Although  the  preceding  methods  of  testing  are  often  the 
only  ones  which  can  be  adopted,  yet  when  possible  it  is  best  to  make 
joint  tests  by  means  of  an  electrometer,  as  the  results  are  always  more 
trustworthy  than  those  obtained  by  the  condenser  method,  since  they 
are  free  from  the  source  of  error  mentioned  at  the  end  of  the  last 
paragraph. 
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Fig.  228  shows  the  connectioiiB  for  making  this  test,  which  is 
execQted  in  the  following  manner : — 

After  the  insertion  of  the  joint  in  the  trough,  the  insolation  of 
the  latter  must  be  tested  ;  this  is  done  by  pressing  down  key  K^  and 
moving  the  switch  S  over  to  its  well  insulated  contact  stop  s ;  this 


Fio.  228. 


puts  the  ten-cell  battery  E^  in  connection  with  the  quadrants  of  the 
electrometer,  and  thereby  charges  them  and  causes  a  steady  deflection 
of  the  needle.  Key  E^  being  kept  depressed,  switch  S  is  now 
opened  and  the  deflection  watched  for  two  minutes  to  see  whether 
there  is  any  sensible  faU  due  to  the  charge  on  the  quadrants  leaking 
to  earth  through  the  medium  of  the  trough  ;  if  this  loss  is  only  equal 
to  two  or  three  divisions,  the  insulation  of  the  trough  may  be  con- 
sidered to  be  good. 

Key  Ki  is  now  released  and  switch  S  closed  so  as  to  discharge  the 
electrometer.  Switch  S  is  now  again  opened  and  key  K^  depressed ; 
this  puts  the  200-cell  l)attery  Eg  in  connection  with  the  core  of  the 
cable,  and  the  momentary  rash  of  current  into  the  latter  causes  an 
induced  charge  to  rush  out  of  the  trough  and  produce  a  sudden 
deflection  of  the  electrometer  needle ;  it  is  usual  to  record  this 
deflection,  although  it  is  of  no  value,  except  to  show  that  the  various 
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connections  have  been  properly  made,  and  that  the  joint  has  been 
placed  in  the  trough. 

Key  Ej  being  kept  depressed,  switch  S  is  now  moved  over  to  8 
(so  as  to  discharge  the  electrometer),  and  then  again  opened.  The 
scale  of  the  electrometer  is  then  watched,  as  the  current  leaking 
through  the  joint  into  the  trough  accumulates  and  causes  a  gradually 
increasing  deflection  of  the  needle ;  the  amount  of  this  deflection 
should  be  noted  at  the  end  of  one  and  two  minutes  after  the  opening 
of  the  switch. 

After  the  observations  with  the  joint  have  been  taken,  a  piece  of 
perfect  core  must  be  inserted  in  the  trough  and  a  similar  test 
made,  the  results  of  which  should  not  differ  much  from  those 
obtained  with  the  joint.  It  always  happens  that  a  joint  gives  a 
greater  accumulation  than  an  equal  length  of  perfect  core,  unless 
indeed  the  joint  has  been  made  several  days  before  being  tested, 
which  is  seldom,  if  ever,  the  case. 
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CHAPTER    XX. 
SPECIFIC  MEASUREMENTS. 

565.  In  order  to  compare  the  relative  "  Conductivity,"  "  Insola- 
tion,"  and  *^  Inductive  Capacity  *'  of  the  materials  used  in  the  oon- 
Btruction  of  the  cores  of  submarine  and  other  cables,  it  is  neceaBaiy 
that  each  of  them  should  be  expressed  in  terms  of  some  unit  with 
which  the  comparison  can  be  made. 

The  standard  conductivity,  resistance,  and  inductive  capacity 
units  are  respectively  the  conductivity,  resistance,  and  inductive 
capacity  between  the  opposite  faces  of  a  centimetre  cube  of  an 
imaginary  material  having  a  conductivity,  resistance,  and  inductive 
capacity  represented  by  1 ;  and  the  conductivity,  resistance,  and 
inductive  capacity  of  any  material  expressed  in  terms  of  a  centimetre 
cube  of  the  latter,  are  respectively  the  specie  conductivity^  specific 
resistance^  and  specific  indtuitive  capacity  of  the  same. 

Relative  Conductivity. 

566.  For  practical  purposes,  "specific  conductivity"  expressed  in 
terms  of  a  centimetre  cube  is  not  a  convenient  unit  for  comparison, 
the  generally  adopted  standard  is  that  of  pure  (according  to  Dr. 
Matthiessen)  *  copper  taken  as  lOO.f 

Now,  according  to  Dr.  Matthiessen,  1  metre  of  pure  soft  (that  is 
anfiealed)  copper  wire  wei<]^hing  1  gramme,  has  a  resistance  of  *1440 

*  Improvements  which  have  been  effected  in  the  maonfactore  of  copper,  hare 
enabled  oetter  results  to  be  obtained  than  that  g^ven  by  Matthieesen'a  standard. 
Wire  giving  101  per  cent  conductivity  is  frequently  met  with,  and  102  per  cent. 
is  not  uncommon.  It  may  be  mentioned  tliat  the  specific  gravity  of  the  copper 
witli  whioii  Matthieaseu's  experiments  were  made  appears  to  have  been  such  that 
I  cubic  foot  weighed  555  lb. 

t  'J  he  actual  resistance  of  a  centimetre  cube  of  pure  soft  copper  (Mattliies8en*s), 
at  GO*'  F.  is  '0000016964,  consequently  tlie  specific  conductivity  at  that  tempera- 
ture is  ^        \niRQrA  "  5^^^'    ®^*  **^^  tlie  standard  for  pure  copper  is  taken 

at  100,  if  we  wish  to  obtain  the  actual  specific  conductivity  of  any  wire  we  must 
multiply  its  percentage  of  oonduotirity  by  589490  and  divide  by  100,  i.e.  we  must 
multiply  the  percentile  by  5895. 
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B.A.  (British  Association)  ohm  at  a  temperatnre  of  0"  Gent.  (82"*  F.) ; 
but  it  appears  that  Dr.  Matthiessen  actually  made  his  exact  deter- 
mination of  the  resistance  of  copper,  at  a  temperature  of  about  60*  F., 
and  that  the  value  *  1440  was  obtained  by  a  correction  coefficient 
obtained  from  the  formula 

Resistance  at)  _  Resistance  at  temperature  f  F. 

82'*  F.       J "  1  -  -00215006 {f-~W)~^  -00000278 (f  -'82'y ' 

In  order  to  put  the  question  of  the  standard  of  pure  copper  upon 
a  definite  (if  not  strictly  correct)  basis,  it  \fBS  decided  (Aug.  1905) 
by  the  Engineering  Standards  Committee,  that  '  1440  corrected  up  to 
60'  F.  by  the  above  formula,  viz. : — 

•1440  X  -9866*  x  1-061596  -  '150821  standard  ohm, 

and  taken  to  four  places  of  decimals,  viz. : — 

*  1508  standard  ohm, 

shall  in  future  be  taken  as  the  standard  for  annealed  high  conduc- 
tivity commercial  copper ;  and  that 

*  1589  standard  ohm, 

shall  be  taken  as  the  standard  for  hard-drawn  high  conductivity 
commercial  copper. 

It  was  also  resolved  that  for  commercial  purposes,  the  formuls 

R  =  r(l  +  -00288  O^^otF." 
and 

R  =  r(l  +  -00428  O^^orC.** 

shall  be  used,  the  constant  -  00288  being  a  mean  value  of  Clark,  Forde 
and  Taylor's  coefficients.  Also  that  the  weight  of  copper  per  cubic 
foot  be  taken  to  be  555  lb.  (8-89  grammes  per  cubic  centimetre)  at 
60'  F.  (15-6'  C),  which  gives  a  specific  gravity  of  8-90. 

For  accurate  determinations,  the  Clark,  Forde  and  Taylor  coeffi- 
cients, as  given  on  page  505,  should  preferably  be  used. 

567.  Now,  since  1  metre-gramme  of  pure  soft  copper  wire  at  60** 
F.  is  to  be  taken  as  having  a  resistance  of  '1508  S.  ohm,  therefore 
I  metres  of  a  similar  quality  of  wire  will  at  the  same  temperature 
have  a  resistance  I  times  as  great.    But  /  metres  of  the  wire  will 

*  1  standard  (S.)ohm  =    OSCti  H.A.  ohm. 
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weigh,  not  1  but  I  grammes,  consequently  2  metres  weighing  1  gramme 
must  have  a  resistance  of  /  x  2,  or  /^,  x  *  1508  S.  ohm  ;  and,  further, 
if  the  I  metres  weighed  w  grammes,  then  the  resistance,  R,  would  be 

R  =  ^JL:^?^  S.  ohms  at  GO**  F. 
w 

If  I  is  expressed  in  feet  and  w  in  grains,  then 

R  =  ?-^^l^?  8.  ohms  at  60"  F.  [A] 

IT 

This  formula  enables  the  conductivity  of  any  copper  wire  to  be 
determined  ;  for  having  measured  off  a  definite  length  of  the  latter, 
and  ascertained  its  weight,  temperature,  and  resistance,  then  the 
latter,  compared  with  the  resistance  of  a  pure  copper  wire  of  the  same 
length,  temperature,  and  weight,  gives  by  direct  proportion,  what  is 
required. 

Far  &xamph. 

Suppose  the  length  of  a  sample  wire  were  20  feet,  its  weight 
500  grains,  its  resistance  *  1740  S.  ohm,  and  its  temperature  50"* ; 
then  by  the  foregoing  formula  the  resistance  at  60*"  of  a  pure  copper 
wire  of  a  similar  length  and  weight  will  be 

jj^20o^^0^^^2162^.,7296S.ohm. 
500 

But  by  the  table,  page  505,  the  relative  resistances  of  a  pure  copper 
wire  at  50"*  and  at  60**  are  as  1  *  04279  to  1*06665,  therefore  the  re- 
sistance of  the  pure  copper  wire  at  50*  will  be 

•17296  X  ^'^t!!!  =  '16911  8.  ohm. 
1-06665 

To  get  then  the  conductivity  (x)  of  the  wire  sample,  we  have  the 
inverse  proportion 

•1740  :    16911  :  :  100  :  ar, 

or 

^_  '16911x100^ 
•  1740 

that  is  to  say,  the  conductivity  of  the  wire  sample  is  97*2  per  cent, 
of  that  of  pure  copper. 

568.  In  the  case  of  a  cable  where  the  weight  per  knot  of  the  con- 
ductor is  always  known,  the  calculations  are  much  simpler,  as  they 
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can  be  made  by  reference  to  Table  II.,  which  gives  the  resistances 
corresponding  to  various  percentages  of  conductivity  of  a  conductor 
1  knot  long,  weighing  1  lb.,  and  at  a  temperature  of  75°  F.  This 
table  is  calculated  in  the  following  manner  : — 

Resistance  of   1  metre-gramme  at  60**  F.  =  '150821   S.  ohm 

=  (by  table,  page  505)  •  150821  x  ~4^^  =  •  155901  S.  ohm  at 
\  /  »  r-&  /  1 '06665 

75'' F. 

2029 
Resistance  of  1  knot,  that  is  2029  yards,  or  ,   ^^^^»  ,  metres, 

^  ^  l'0936a» 

weighii^   __^?.^-^__     grammes  =    -155901  x      ^^^^_  S.  ohms  at 
^^  1- 09868:^  ^  1' 098638 

75*  F. 

Resistance  of  1  knot  weighing  1  lb.  (458 '  59  grammes) 

=  •  155901  X      ^^^^      X  _J9^ —  X 1 —  =  1188  •  06  S.  ohms. 

1-098638      1' 098683      453-59 

This  latter  value  then  is  the  resistance  of  a  knot-pound  of  copper  of 
100  per  cent,  conductivity,  and  is  entered  in  the  table  as  such,  the 
other  values  being  obtained  by  direct  proportion. 

569.  The  way  in  which  the  table  would  be  used  is  as  foUows  : — 
Supposing  we  had  a  cable  whose  conductor  weighed  107  lb.  per 

knot  (this  is  a  very  usual  weight  for  the  conductor  of  a  cable),  and 
whose  resistance  per  knot  at  75**  F.  was  found  by  experiment  to  be 
11-202  S.  ohms,  then  multiplying  11*202  by  107  gives  the  re- 
sistance of  a  knot-pound  of  copper  of  a  corresponding  conductivity. 
11-202  X  107  =  1198*61,  and  this  resistance  in  the  table  corresponds 
to  a  conductivity  of  98  -  7,  which  is  therefore  the  percentage  of  con- 
ductivity of  the  conductor  of  the  cable. 

570.  It  is  sometimes  required  to  determine  the  conductivity  of  a 
wire  whose  length  and  diameter  (d)  are  known ;  for  this  purpose  the 
weight  of  1  cubic  foot  of  soft  copper  may  be  taken  to  be  555  lb. 
Then» 

Weight  of  wire  1  foot  long^  /        i         \2 


eignt  of  wire  l  foot  long)       .,      /        1        V      . 
and  1  mil  in  diameter     )    "      ^  ViOOO  x  1.2/ 

X  555  X  7000  grains  =  -0211894  grains. 


785898^ 


Resistance  of  wire  1  foot  long 
weighing  '0211894  grains 


•2162    t 


•0211894 
=  10-208S.  ohms,  at60°F. 


*  ^=  '785398.  t  See  equation  [A],  page  496. 
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Since  the  resistance  of  a  wire  varies  inversely  as  its  sectional  area, 
that  is,  inversely  as  the  square  of  its  diameter  {d)^  we  most  have  : — 

iResistanoe  of  I  feet  of   pure)       I  x  10-208  a     ,  i.  /./^»  1:1 

J    '^^  •«  J-  -ww.i.^-i   — 53 o.  onms,  at  60   J?. 

copper  wire  amils  in  diameter)  ^  ' 

If  the  temperature  of  the  wire  is  not  60°  F.,  then  a  correction,  by 
means  of  coefficients,  must  be  made. 

For  example. 

The  resistance  of  50  feet  (J)  of  copper  wire,  14  mils  (d)  in 
diameter,  is  found  to  be  2 '746  S.  ohms  at  a  temperature  of  Cd*"  F. ; 
what  is  the  conductivity  of  the  wire  ? 

Resistance  of  50  feet  of  pure )  ^  50  x  10*208  g    i^^  ^^  g^.  p 
copper  wire  14  mils  in  diameter  I  14  x  14        '  ' 

Applying  the  coefficients  given  in  the  table,  page  505,  we  get, 

Resistance  at  65°  F.  =  50x10^208  ^  1 '  07861  ^  ^.^^^  s.  ohms; 

14  X  14  1-06665 

then  by  inverse  proportion  we  have 

2-746  :2-632::  100  :a?, 
or 

^      2-682  X  100      Q-.Q^ 

^=   — ^  „,r* =95-85; 

2-746 

that  is  to  say,  the  conductivity  of  the  wire  sample  is  95*85  per  cent. 

of  that  of  pure  soft  copper. 

571.  The  diameter  of  the  wire  in  mils  may  readily  be  measured 

by  means  of  the  gauge  shown  by  Fig.  229.    The  complete  turn  of 

the  finger  screw  represents  ^\^  of  an  inch, 
and  as  the  screw  has  a  scale  on  it  divided 
into  20  parts,  each  part  being  ■^\Ai  of  a  com- 
plete revolution  of  the  screw,  therefore  each 

part  or  division  represents  — — -  =  — — th 

Fio.1229.  50  X  20       1000 

of  an  inch,  i.e.  1  nul. 

In  order  to  prevent  undue  force  or  pressure  being  exerted  by  the 

screw  when  the  latter  is  screwed  up  so  as  to  grip  the  wire  being 

measured,  these  gauges   are    sometimes    fitted    (as    suggested   by 

Mr.  Herbert  Taylor)  with  a  cap  which  runs  spring-tight  over  the  part 

of  the  screw  which  is  manipulated  by  the  fingers,  so  that  as  soon  as 

the  screw  is  turned  sufficiently  to  fairly  grip  the  wire,  this  cap,  (which 
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is  being  held  bj  the  fingers)  slips  round,  and  a  limit  is  thus  placed 
to  the  pressure  that  can  be  exerted. 

572.  In  the  case  of  small  wires  where  it  is  difficult  to  measure  the 
diameter  with  great  accuracy,  it  is  preferable  to  test  for  specific 
conductivity  bj  weight  rather  than  by  gauge,  for  bj  taking  a  suffici- 
ent length  of  wire  we  can  determine  the  value  of  the  weight 
accurately.  * 

578.  Table  III.  shows  the  resistances,  etc.,  of  various  gauges  of 
pure  copper  wire  at  60°  F. 

Specific  Insulation. 

574.  By  Specific  Insulation  is  meant  the  specific  resistance  (§  565, 
page  494)  of  any  insulating  material.  In  this  case,  as  there  is  no 
pure  standard  material  with  which  to  make  a  comparison,  we  cannot, 
as  in  the  case  of  wire,  get  a  piece  of  a  certain  length  and  compare  it 
by  measurement  with  another  piece  whose  value  has  been  fixed 
experimentally,  and  which  can  be  called  100 ;  the  resistance  therefore 
of  a  centimetre  (or  multiple  of  a  centimetre)  cube  of  an  imaginary 
material  whose  viJue  is  taken  as  1  megohm  is  adopted  as  a  standard  ; 
the  resistance  of  any  material  expressed  in  terms  of  such  a  cube,  i.e* 
the  specific  resistance  of  the  material,  gives  the  relative  value 
required. 

Now,  the  form  in  which  gutta-percha  or  other  insulating  material 
is  used  for  submarine  or  other  cables  is  that  of  a  cylinder,  in  which  the 
conducting  wire  is  concentrically  placed  ;  and  we  have  to  determine 
from  the  observed  resistance  of  a  known  length  of  the  cable,  and  from 
the  dimensions  of  the  external  and  internal  diameters  of  the  cylinder, 
what  the  resistance  of  a  centimetre  cube  of  the  insulating  material 
would  be. 

Looking  at  a  transverse  section,  let  us  suppose  the  sheathing  to 
be  divided  into  a  number  of  concentric  circles,  such  that  the  resist- 
ance of  the  piece  between  any  two  circles  equals  p.  For  this  to  be 
the  case,  it  is  evident  that  the  circles  nearer  the  circumference  must 
be  of  a  greater  thickness  than  those  near  the  centre,  since  their 
circumferences  are  greater. 

Let  there  be  n  of  these  circles,  so  that  »  p  =  E  (p  here  corre- 
sponds to  the  little  interval  of  time  t  in  the  loss  of  charge  problem, 
page  894,  §  427). 

•  Diameter  in  mils  =  length  in  feet  x  ^  /  .  ^^^^^^  .x  -68697. 

2  K  2 
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dd 

Now,  if  I-  be  the  internal  and  external  radii  or  diameien  of 

dd+i 

any  one  cylinder,  and  if  the  difference dd+i  -  ddis  very  amall, the 
lesistance  of  the  cylinder  will  be 

{dd  +  i  -  ddjo- 

where  2  ia  the  length  of  the  cable,  and  o-  the  specific  resistanoe  of  the 
insalating  material. 

Now,  the  smaller  we  make  di  ^  i  ~  dd,  the  nearer  will  this  be  trae. 
Bat  in  order  to  do  this,  we  most  make  p  small  and  n  large. 

Now 
since  p  equals  the  resistance  of  each  cylinder  ;  therefore 

then,  as  in  the  problem  we  have  referred  to, 


where  dn,  or  D,  is  the  external,  and  dd,  or  d^  the  internal  radius  or 
diameter  of  the  sheathing ;  that  is, 

and  the  larger  n  is,  the  nearer  is  this  true ;  therefore  make  ^  =  0, 
and  n  =  00 ,  so  that  n  p  still  equals  B ;  we  then  get  a  perfectly 
aocnrate  result.    Let 

2iriE  _  1 
an         X 

so  that  x  =  00  when  n  ==  oo .    Then 


°  -  [(-  IT] 
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when  «  =  00 ,  but  when  this  is  the  case,  the  expression  within  the 
square  bracketA  is  known  to  be  equal  to  0,*  thus 

d       ' 


therefore 

1      D 

o-log, 

^^     .^^r>     or,      or  =  ^:iI^,  [A] 


d  BI2r 

__,     or,      <r=— p, 


or  putting  the  numerical  values  of  the  constants,  and  substituting 
common  for  natural  logs, 

Ri2-728 


<r  = 


Since  D  and  d  are  in  the  form  of  a  proportion,  it  is  immaterial  in 
what  units  they  are  expressed,  but  I  must  be  in  centimetres  and  K  in 
megohms,  B  bdng  the  total  resistance  of  the  length  h 

575.  In  practice  the  numerical  value  worked  out  from  the 
forgoing  formula  is,  for  all  insulating  materials,  very  excessive, 
hence  it  is  preferred  to  make  the  practical  dimension  of  o-  to  be 

■    ^^^  ^^^  ^^vrvth  of  its  actual  dimension,  so  that  the  formula  for 
1,000,000,000  ' 

practical  use  is 

Ri2-728 


<r  = 


log^  X  1,000,000,000 
a 


For  example. 

The  core  of  a  cable  1  statute  mile  (160930  centimetres)  long  had 
an  insulation  of  5000  megohms.  Its  external  diameter  was  '5  inch^ 
and  internal  diameter  '814  inch.  What  was  its  specific  insulation 
resistance? 

5000  X  160930  x  2*728         ,^  ^otl 
cr  =     ~ =  10*865. 

log  -^^  X  1,000,000,000 

If  we  arrange  that  £  is  the  resistance  of  a  statute  miie  of  the  wire, 

then  since 

160980  X  2-728  ^ 

1,000,000,000  ' 

*  Todhuntei^s  Algebra,  Chapter  XXXIX. 
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therefore  the  formula  becomes 

R  X  -000439 


O"  = 


[B] 


[C] 


If  R  is  the  resistance  per  knot,  then  we  have 

R  X  -000506 

<. -D— • 

log^ 

576.  Referring  to  equation  [A],  page  501,  since* 

then  if  D  and  rf  do  not  differ  largely,  we  may  neglect  all  the  terms 
after  the  first  without  considerable  error ;  so  that  equation  [A] 
becomes 

RZtt  , 
o-  =    5 

D-d 


D  +  d 
or  if  we  substitute  thickness,  t,  of  material,  we  get 

o"  =  K  Iv — - — . 

Further,  if  we  substitute  the  values  of  I  and  tt,  then  equation  [B] 
becomes  simplified  to 

<r  =  R  X  •000506^^^ 

d 

which,  since  the  simplified  formula  actually  makes  <r  rather  too  large, 
may  be  written 

<r  =  R  X  -0005  ^4-^  =  R^4^  -^  2000. 

Similarly,  formula  [C]  becomes 

<r  =  Rx  -000588- ^-^ 

d 

which  for  practical  purposes  may  be  written 

o-  =  Rl^tin-  1700. 
•  Todhunter's  Algebxa,  Chapter  XXXIX. 
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577.  It  should  be  understood  that  these  simplified  formulae  are 
only  approximate,  but  they  can  be  relied  upon  to  within  about  1  per 
cent,  if  the  thickness  of  the  insulation  is  not  more  than  about  ^th  of 
the  diameter  of  the  conductor ;  examples  like  this  are  continually 
met  with  in  the  case  of  electric  light  leads,  though  not  in  the  case  of 
submarine  cables,  for  which  the  simplified  formulae  can  be  only 
regarded  as  roughly  approximate,  and  convenient  only  for  check 
purposes. 

Specific  Inductive  Capacity. 

578.  From  what  has  been  said  on  page  460,  §  521,  it  will  be 
evident  that  the  formula  for  giving  the  specific  inductive  capacity  (k) 
of  a  cable-core  will  be 

log? 

d  D 

*  °  -^  '000506  °  ^^^^  ^  ^°^  d'  approximately, 

where  F  is  the  capacity  per  knot  of  the  core  in  microfarads. 
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CHAPTEK    XXI. 
CORRECTIONS  FOR  TEMPERATURE. 

579.  Ik  order  to  make  teBtB  for  Gondactor  Resistance,  Insnlaftioii 
Kesistance,  or  Electrostatic  Capacity,  strictly  comparative,  it  is  either 
necessary  that  they  be  made  at  the  same  temperature,  or,  when  this 
cannot  be  done,  the  temperatures  at  which  they  are  taken  should  be 
noted,  and  a  correction  made.  In  the  case  of  submarine  cables  the 
correction  applied  is  usually  that  which  reduces  the  observed  valaes 
to  those  which  they  would  have  at  a  temperature  of  75*  F.* 

CORREOTIONS  FOR  CONDUCTOB  RESISTANCE. 

580.  For  a  considerable  period  it  was  r^;arded  as  proved,  that 
when  the  temperatures  were  not  very  widely  different,  then  for 
every  degree  of  increase  in  temperature,  an  equal  peroentage  of 
increase  in  resistance  took  place ;  that  is  to  say,  if  the  resistance 
increased  at  a  certain  rate  per  cent,  by  a  rise  of  one  degree  of  tem- 
perature, it  would  be  increased  by  the  next  degree  of  rise,  at  the  same 
rate  per  cent,  calculated  on  the  new  resistance. 

If  this  were  so,  it  is  evident,  on  consideration,  that  the  per- 
centage of  increase  for  a  certain  number  of  degrees  will  be  the  same 
at  whatever  part  of  the  scale  these  degrees  are  taken.  Thus,  if  a 
resistance  increased  25  per  cent,  between  SO*'  and  40^  it  would 
increase  25  per  cent,  between  65°  and  75\ 

Results  obtained  from  time  to  time,  however,  appeared  to  indi- 
cate that  it  was  doubtful  if  this  '^  compound  interest "  law  could  be 
regarded  as  being  correct,  and  recent  and  very  careful  experiments 
made  by  Messrs.  Clark,  Forde  and  Taylor  have  practically  confirmed  the 
supposition  that  the  law  is  not  a  correct  one.  Messrs.  Clark,  Forde 
and  Taylor  have  found  that  as  regards  pure  copper,  the  formula 

R,  =  Rsj  [1  +  -0028708  (t  -  82")  +  -00000084548  {t  -  32')], 

in  which  R,  is  the  resistance  at  a  temperature  ^,  and  Ra  is  the  re- 
sistance at  freezing  point,  is  accurate  within  ^ths  of  a  degree 

*  For  Electric  Light  and  Power  work  the  standard  tomperatnre  is  60^  F. 
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Fahrenheit  for  all  temperatures  between  Sb"*  and  32**  F.    The  follow- 
ing table  Ib  calculated  from  this  formula,  B^  being  taken  as  unity. 


Degrees. 

BntaUnoe. 

1 
Dagraet. 
t 

RfBintOTcn. 

Degiecfl. 

t 

R«ditaaoe. 

85 

1-12662 

67 

1-08840 

49 

1-04040 

84 

1 - 12422 

66 

1-08101 

48 

1  03802 

83 

1-12181 

65 

1-07861 

47 

1-03564 

82 

1-11940 

64 

1- 07622 

46 

1-03326 

81 

1-11700 

63 

1  07383 

45    V 

1-03088 

80 

1-11459 

62 

1- 07143 

44 

1-02850 

79 

1- 11219 

1       61 

1 

1-06904 

43 

1- 02612 

78 

1 - 10979 

60 

1-06665 

42 

1-02374 

77 

1-10739 

59 

1  06426 

41 

1-02137 

76 

110498 

58 

1-06187 

40 

1  01899 

75 

1  - 10258 

57 

1- 05949 

39 

1-01661 

74 

1-10018 

1      ^ 

1  05710 

38 

1-01424 

73 

1  09778  . 

1      55 

1-05471 

37 

1-01186 

72 

>        1- 09538 

1      54 

1- 05232 

36 

1-00949 

71 

1  09299 

58 

1-04994 

1      35 

1  00712 

70 

1-09059 

52 

1- 04755 

34 

1  00474 

69 

1-08819 

51 

104517 

33 

1-00237 

68 

1-08580 

50 

1- 04279 

1 

32 

1 

1-00000 

581.  As  the  principal  use  of  the  coefficients  is  to  enable  a  resist- 
ance at  any  temperature  to  be  corrected  to  75°,  for  this  purpose  a 
modification  of  the  foregoing  table  is  necessary,  as  follows : — 

This  modification  consists  in  making  the  coefficient  for  75*"  equal 
to  l,and  reducing  all  the  other  coefficients  in  the  ratio  of  1*10258 
(the  coefficient  for  75°  in  the  table)  to  1  ;  thus,  for  example,  the 
coefficient  for  60""  becomes 

l:06_665  ^  . 
1-10258 

that  is  to  say  *  96741  is  the  coefficient  for  correcting  to  75°  a  resist- 
ance which  is  at  a  temperature  of  60° ;  and  we  should  have  to  divids 
the  resistance  at  60^  by  '  96741,  in  order  to  so  correct  it. 

582.  In  most  cases  it  is  preferable  to  have  mtdtiplying  coefficients 
for  the  purpose,  and  this  we  obtain  by  using  the  reciprocals  of  the 
coefficients  obtained  in  the  foregoing  manner ;  thus  the  60°  coefficient 
becomes  f 
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=  1-0387. 


•96741 


Table  IV.,  given  at  the  end  of  the  book,  is  compiled  in  this  manner. 
588.  This  table  can  of  coarse  be  need  for  the  purpose  of  correcting 
from  any  one  temperatnre  to  any  other  temperature  other  than  75% 
thus  if  we  required  to  correct  from,  say,  40°  to  60°,  then  we  mtAtqUy 
the  resistance  at  40°  by  the  40°  coefficient,  viz.  1-0821,  and  divide 
the  result  by  the  60°  coefficient,  viz.  1  •  0887. 

Jnjf uenoe  of  Condueiing  Power  upon  Variation  of  Residanee 

hy  Change  of  Temperatmre. 

584.  Aooording  to  Matthieasen,*  the  inflnenoe  of  temperature  upon  the  resist- 
ance  of  metalB  variee  according  to  the  conducting  power  of  the  metal,  the  law 
beinff,  that  **  the  percentage  of  deoremeot  in  the  oonducting  power  of  an  impure 
metal,  between  0^  G.  and  100^  C,  is  to  that  of  the  pure  one,  betweoi  O''  O.  and 
100^  G.,  as  the  conducting  power  of  the  impure  metal  at  100*^  G.  is  to  that  of  the 
pure  one  at  100°  G."    A  numerical  example  wUl  beet  explain  this  law : — 

Supposing  we  have  two  wires  of  the  same  metal,  one  of  which  is  pure  and  the 
other  impure,  and  we  take  such  a  length  of  each  that  they  both  have  a  resistance 
of  300^  at  0*^  G. ;  and  suppose  that  the  relative  specific  conductivities  of  the 
two  kinds  of  metal  are  as  100  to  90.  Now  if  we  found  that  the  pure  sample 
increased  its  resistance  from  300*"  to  420**,  or  40  per  cent,  when  the  tem- 
perature was  increased  to  100*^  C,  then  we  should  find  that  the  impure  sample 

when  raised  to  100°  G.  would  have  increased  its  resistance  to  408**,  or  36  per 
cent.,  for 

100  :  90  : :  40  :  36. 

From  this  it  appears  that  the  conection  coefficients  require  to  be  varied  aooording 
to  the  purity  of  the  metal,  but  if  we  know  what  the  coefficients  are  for  the  pure 
metal,  and  also  the  specific  conductivity  of  the  metal,  we  can  coneot  the  co- 
efficients accordingly.  Let  R  be  the  resistanoe  of  both  the  pure  and  impure 
metals  at  a  temperature  f,  and  B,  the  resistance  of  the  pure  metal  at  a  tempera- 
ture f,,  and  let  k  be  the  coefficient  required  to  oorrecs  B  to  the  latter  temperature, 
that  is,  let 

B,  =  B»c.  [1] 

Let  B,  be  the  resistance  of  the  impure  metal  at  the  temperature  i,,  and  let  x, 
be  the  coefficient  required  to  correct  B  to  this  temperature,  that  is,  let 

B,  =  B  Ki.  [2] 

Also  let  G  and  G,  be  the  specific  conductivities  of  the  pure  and  impuro 
metals. 

Lastly,  let  p  and  p,  be  the  percentages  of  increase  in  resistanoe  of  the  two 
samples  respectively,  between  tlie  temperatures  i  and  f,. 

We  then  have  the  following  equations  :— 

Pi  =  -^^^'100,  [4] 

•  Phil.  Trans.,  1864,  p.  167. 


-that  is 


CORRECTIONS   FOR  TEMPERATURE.  507 

and  the  proportion 

p  :  Pi  : :  C  :  0,, 

bat  from  equations  [8]  and  [4]  we  get 

_~1-??  100 
p  _       R R  •"  R] . 

prZE5Too"^"^' 

B 
therefore 

C  _R-Rx 
Cj      R  —  Rf 

or,  substituting  the  Talues  of  R^  and  R,*  obtained  from  the  equations  [1]  and  [2] 
we  get 

C  _  R_-:^R  «  _  1  -  «  . 

C,      R  -  R  If ,      1  -  ic/ 

therefore 

As  the  speciflo  conduotivity  of  the  pure  metal  is  always  taken  as  100.  the 
formula  becomes 

'^i  =  l  +  §5('t-l).  [A] 

For  example. 

From  Table  IV.,  the  correction  coefficient  for  correcting  from  45°  to  75°  is 
1  '0695,  for  pure  copper.  What  is  the  coefficient  for  copper  whose  oonductivity 
is  96  per  cent  of  that  of  the  pure  metal  ? 

,ci  =  1  +  ^(1-0695  -  1)  =  10665. 
In  practice  the  foregoing  correction  is  seldom,  if  ever,  used. 

Determination  of  the  Temperature  of  a  Wire 
BY  Change  of  Resistance. 

585.  By  a  reverse  proceBS  to  the  foregoing  we  can  tell  what  the 
temperature  of  a  wire  is,  if  we  know  what  is  its  resistance  at  one 
temperature,  and  also  its  resistance  at  the  unknown  temperature. 
For  all  we  have  to  do  is  to  divide  one  resistance  by  the  other,  and 
note  with  what  number  of  degrees  of  temperature  the  coefficient  so 
•obtained  corresponds ;  then  this  result  shows  the  number  of  degrees 
the  wire  has  above  or  below  the  temperature  at  which  the  wire  was 
measured. 
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Thus,  for  example,  if  it  were  known  that  the  oondactor 
of  a  cable  measured  at  a  temperature  of  75^  F.  was  2000*,  and  at  an 
unknown  temperature  it  was  1960*',  then 

S' 1-0204; 
I960 

and  this  coefficient  from  Table  lY.  corresponds  to  a  tempeiatore  d 
66°  F.,  which  is  consequently  the  temperature  of  the  cable. 


GOBRSCTIONS  FOR  INSULATION  RESISTANCE. 

586.  Corrections  for  Insulation  Resistance  are  for  the  ptupose  of 
determining  the  precise  amount  by  which  the  insulation  of  the  oor& 
of  a  cable  has  improved  or  deteriorated  since  the  core-lengths  (at  75*) 
were  first  tested. 

The  law  of  change  of  resistance  bj  change  of  temperature  for 
Insviators  is  the  reverse  of  that  for  ConductorSy  that  is  to  aaj, 
increasB  of  temperature  diminishes  their  resistance,  and  tfice  perai. 
The  '*"  compound  interest  ^*  law.  (page  504)  although  not  applicable 
for  conductor  resistance  corrections,  is  generally  applied  in  the  case 
of  'insulation  resistances."  This  law  is  similar  to  that  for  the 
fall  of  potential  in  an  insulated  cable  (page  464).  We  have  simply, 
in  fact,  to  substitute  resistances  for  potentials,  and  degrees  of  tern* 
perature  for  intervals  of  time,  in  any  of  the  formulae  relating  to  the 
fall  of  potential,  and  we  get  our  formulae  for  change  of  resistance  by 
change  of  temperature. 

At  the  end  of  Chapter  XVI.  (page  467)  we  obtained  a  formula 


n.y(^f: 


if,  then,  we  suppose  a  resistance  to  have  efdcreased  from  R  to  r,  by  an 
increase  of  temperature  of  n°,  and  to  r^,  by  an  increase  of  tii**,  by  sab- 
stitution  in  the  foregoing  formula,  we  get  the  equation 


•■  -  Kit)' 


or 


R 


"1°  ^        ^.  *i° 


R\*» 


us  representing  the  relation  between  these  quantities. 
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R 

Now  —  is  the  ratio  of  increase  of  resistance  for  n,°  of  difiFerence 

of  temperature,  hence  if  we  have  a  resistance  R«  at  a  temperature  T, 
of  an  insulating  material  similar  to  that  of  B  (in  the  foregoing 
case),  and  we  wish  to  know  its  resistance  n,  when  increased  in  tem- 
peratore  to  t^y  then  if  n^  =  f  -  ^*,  we  have, 


R  ^/R\ 


n® 


Suppose  then  we  had  a  wire  insulated  with,  saj,  gutta-percha,  the 
insulation  resistance,  R,  of  which  at  40^  was  found  to  be  22,000 
m^ohms,  and  whose  insulation  resistance  r  at  85*"  was  700  meg- 
ohms, then  the  insulation  resistance  had  decreased  its  value  from 
22,000  to  700,  by  an  increase  of  temperature  of  85"  -  40'  =  45'  (n*). 
We  therefore  know  that  any  other  wire  insulated  with  a  similar 
material  will  decrease  its  insulation  resistance  to  the  same  relative 
amount  by  a  decrease  of  45'  of  temperature,  that  is,  we  have 


that  IB, 


R^^/l^OOOys"    =(1-0796) 
rt^      V    700  /  ^  ^ 


Ri 


«o-«i« 


rii=  — 

(1-0796) 
The  quantity 

(1-0796) 

then,  is  the  coefficient  by  which  R|  must  be  divided  in  order  to 
determine  its  value  when  its  temperature  is  increased  from  t{  to  f, 

587.  If,  as  is  usually  the  case,  the  resistances  have  to  be  corrected 
to  75'  F.,  then  f  =  75'.  In  Tables  V.,  VI.,  and  VII.,  coefficients  for 
various  differences  of  temperature  are  given,  calculated  in  the  fore- 
going manner. 

588.  The  influence  of  temperature  is  very  much  greater  on 
insulators  than  on  conductors ;  thus,  whereas  a  copper  wire  would 
only  increase  its  resistance  from  1000*"  to  1036*"  by  an  increase 
of  15*  F.  of  temperature,  a  gutta-percha  core  would  increase 
its  resistance  from  1000  m^ohms  to  about  9000  megohms  by  the 
same  amount  of  decrease  of  temperature.  The  amount  of  the  change 
of  resistance  by  change  of  temperature,  which  takes  place  in  the  case 
of  iTtjnlAtiTig  materials,  is  dependent  upon  the  quality  of  the  latter, 
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and,  therefore,  the  Gorrection  coefficients  for  the  same  can  only  be 
r^arded  as  approximately  correct. 

Effect  of  Tempekatube  on  Inductive  Capacity. 

589.  Mr.  W.  J.  Morphy  has  proved  experimentally  thac  neither 
pressnre  nor  temperature  affect  the  tme  capacity  of  a  cable  core 
insnlated  with  gntta-percha.  Careful  tests  were  made  for  aeveral 
days  on  150  knots  of  cable,  prior  to  and  after  the  laying  of  the  same 
in  a  depth  of  some  1000  to  1100  fathoms  of  water,  which  meant 
changing  the  temperature  of  the  cable  from  SS""  F.  to  about  37^  F., 
and  increasing  the  pressure  from  1  to  nearly  200  atmospheres.  The 
tests  were  made  while  the  cable  was  in  the  ship^s  tanks  and  at  the 
higher  temperature,  and  repeated  while  the  cable  was  being  laid, 
and  again  after  it  had  been  down  for  some  time,  and  bad  therefore 
settled  down  to  the  lower  temperature  and  greatly  increased  in 
dielectric  resistance  in  consequence.  No  change  in  its  true  capacity 
could  be  detected. 

590.  In  the  case  of  wires  insulated  with  indiarubber,  however, 
there  is  marked  effect  at  a  high  temperature ;  thus  the  results  of 
experiments  made  by  Mr.  W.  Maver  *  showed  that  a  change  of  tempera- 
ture from  100"*  F.  to  212**  F.  increased  the  capacity  nearly  140  per 
cent.  The  dimensions  of  the  insulated  wire  on  which  the  experi- 
ments were  made  were  as  follows  : — Conductor,  97  mils  ;  thickness 
of  insulation,  126  mils.  No  data,  it  is  believed,  exist  as  to  the  effect 
of  change  of  temperature  below  lOO""  F. 

COBAECTIONS  WHEN  SECTIONS  OF  A  CaBLE  ABE  AT 

Different  Tempsratubbs. 

591.  It  is  very  often  the  case  in  cable  factories  that  sections  of 
the  cable  are  in  different  tanks  at  different  temperatures.  As  the 
whole  length  must  be  tested  in  one  section,  it  may  be  necessary  to  know 
what  correction  must  be  applied  to  the  measured  resistance  of  the 
whole  length  of  cable  to  correct  it  to  the  value  it  would  have  at  one 
uniform  temperature. 

Corrections  for  "  Conductor  Resistance  "  when  Sections  of  a 
Cable  are  at  Different  Temperatures, 

592.  Let  /i,   ^2'  .  -  •  ^  be   the  lengths   of  the  cable  in  the 
different  tanks,  also  let  r^,  r^,  .  .  .  rn  be  the  respective  conductor  le- 

•  *  Tlie  Electrical  Engineer/  (New  York),  August  12th,  1891. 
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sistanc^  of  the  sections  at  the  temperatures  of  the  tanks,  and  let  ?<•  be 
the  combined  resistance  of  the  sections.  Also  let  k^,  k^,  ,  .  .  knhe 
the  coefficients  by  which  r^  r^^  ,  ,  .  Vn  must  be  mtdtiplied  respectively 
in  order  to  reduce  them  to  the  values  they  would  have  at  one  uniform 
temperature,  and  let  Se  be  the  total  resistance  of  the  cable  at  this 
uniform  temperature ;  then  we  have  the  following  equations : — 

ic  =  Tj  +  r2  +   .    •    .   Tn, 

xic  ^  ^1  ^    •    ^2    2    «     •   •    •   ^n  ^n  9 

from  which 

Tj  +  r2  +  .    .    .    Tfi 

also  we  have 
or 


and 


^1 

^1   =    '^7-» 


K^  K2  "m 

where  #c  is  a  constant ;  therefore 

p        p     *c  L*x  +  '2  "^  •  •  •  ^J 

"    sh    k ^1 

*1   "^   ^2  "^    •    •    •    ^ 


=  Pc 


ik  +  ia  +  1» 


If  re  is  the  resistance  per  knot,  then 

Re 


n  = 


vj    +    *2    +    «     •     •*»! 


so  that 


To   = 


?i  +  i?  +  _  ,  i? 

wj  «'2  ^ 


iT?r  example. 

At  a  cable  factory  there  were  15  knots  (l{)  of  manufactured  cable 
lying  in  a  tank  whose  temperature  was  b(f  F.    Connected  to  this 
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cable  were  5  knots  (l^  of  core  in  a  tank  whose  temperatore  was  55  'F. 
The  tx>tal  observed  conductor  resistance  of  the  20  knots  was  215" 
(Pe).    What  would  be  the  conductor  resistance  per  knot  (tc)  ci  the 
cable  and  core  at  75*"  F.  ? 
Prom  Table  IV.  we  have 


therefore 


k^  =  10578,     k^  =  1-0454; 


215 

re  -      15  5       ~  ll'SSr 

1-0578  ^  10454 


Corrections  for  '^  Insulation  Resistance ''  when  Sections  of  a 
Cable  are  at  Different  Temperatttres. 

598.  Let j?^, p^  .  .  .  pnhe  the  respective  total  insulation  resst- 
ances  of  the  sections  of  jointed  core  of  which  the  sections  of  the 
cable  are  composed,  obtained  from  tests,  at  75** ;  let  r^,  r^,  .  .  .  r«  be 
the  respective  total  insulation  resistances  of  those  sections  when  at 
temperatures  other  than  75^ ;  let  P<  be  the  combined  resistance  of 
the  sections,  and  A^i,  il^, .  .  .  ib»  the  coeflSdentsbj  which  rj,r^.  .  .  r^ 
must  be  divided  in  order  to  reduce  them  to  the  values  they  wonld 
have  at  one  uniform  temperature  (75°) ;  also  let  Rj  be  the  combined 
resistance  of  the  sections  at  this  uniform  temperature  ;  then  we  have 
the  following  equations : 

P<  = 


^•1         ^2  rn 


from  which 


also  we  have 


+  ^  + 

«       • 

rn 

R,- 

1 

+  *>  +  , 

•      •       • 

>       • 

1 

r» 
rn 

Ps  ' 

•   •   ■  ^  *  ■  i*  ' 

1 

>     •       • 

or 
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1.1.  1    ..^.^.  hn 

A      Pi  P^  ^1      ''2  ^n 


or 


and 


where  ic  is  a  constant ;  therefore 

LPl      Pi  PnJ 

L'lJ'i    Aft  *»i»»J  1  4.  1  +        1 

A        P2  Pn 

Now 


i^l       P2  Pn 

is  the  total  insolation  resistance  of  the  sections  of  jointed  core  at 
75^  =  Pvsp,  say ;  so  that 

For  example. 

The  total  observed  insulation  resistance  of  a  cable  the  three  sec- 
tions of  which  were  at  temperatures  of  55**,  60*,  and  50*"  respectively, 
was  160  megohms  (P«) ;  the  insulation  resistances  of  the  three 
sections  of  jointed  core  of  which  the  three  sections  of  the  cable  were 
composed,  obtained  from  tests  at  75%  were  75  {pi\  115  (^2)9  ^^^ 
60  (j'a)  megohms,  respectively ;   the  total  insulation  resistance  of 

2l 
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the  tliree  sectionB  of  jointed  core,  obtained  from  tests  at  75**,  was  25 '  84 
(Pfffo)  m^ohins ;  what  wonld  be  the  total  insolation  resistance  (B<)  of 
the  cableat  75*  F.,  the  insolator  being  Willonghby  Smithes  gutta-percha  ? 

Prom  Table  VI.,  for  55%  60%  and  50% 

k^  =  4-704,        k^  -  8-194,        k^  =  6*928, 
therefore  _ 

1 


R<  =  160  X  25-84      ——± — --  + 


75       8  194  X  115 


-84  r ^ 

L  4-704  X 

1=  4184-4  rJ^+-i-  +  -J_l 
J  L852-8      867-8      415-7J 


6-928  X  60 

=  4184-4  X  -007968  =  82*92  megohms. 

If  the  length  of  the  cable  were  20  knots,  then  the  insolation 
resistance  per  knot  would  be 

82-92  X  20  =  658-4  megohms. 

As  the  tests  at  75**  showed  a  total  insulation  resistance  of  25*84 
megohms,  the  improvement  in  the  insolation  is 

32-92  -  25-84  =  7-08  megohms  =Il^?iiL^^  =  27-4  percent. 

^  25-84  *^ 

594.  A  correction  made  by  assuming  the  whole  cable  to  have  a 
temperatore  which  is  a  mean  of  that  of  the  Tarioos  sections,  and  then 
applying  the  corresponding  coefficient  obtained  from  the  temperatore 
table,  is  liable  to  give  very  erroneoos  resolts  and  should  not  be 
adopted,  unless  the  various  sections  are  at  very  nearly  the  same 
temperature. 

Inoebabb  in  Insulation  Ebsistance  by  Pbessurb. 

595.  The  insulation  resistance  of  the  core  of  a  cable  is  increased 
by  the  pressure  to  which  it  is  subjected.  In  the  case  of  a  core 
insulated  with  gutta-percha,  this  amounts,  according  to  Mr.  J.  Bymer 
Jones*  to  -00028  of  the  resistance  for  every  pound  of  pressure  per 
square  inch,  that  is  to  say,  an  insulation  resistance  of  P  megohms 
would,  for  every  pound  of  pressure,  be  increased  by  -00028  F 
megohms ;  and  since  for  every  fathom  of  depth  the  pressure  of  water 
is  2*676  lb.  per  square  inch,  therefore  the  resistance  Pet  at  a  depUi, 
dj  in  fathoms,  is 

Pd  =  P  +  -00028P  X  2-676rf 
=  P(l  +  -000615  rf)  =  Pk*,  say. 

*  *  The  Eleotrioal  ReWew/  Jan.  2, 1903. 
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In  order,  therefore,  to  obtain  the  insulation  resistance  which  the 
cable  core  would  have  at  atmospheric  pressore,  the  measured  result 
obtained  when  the  cable  is  laid  must  be  corrected  by  dividing  this 
result  by  ha. 


Practical  Application  of  Corrections  for  Temperature. 

596.  When  a  cable  is  in  course  of  manufacture,  the  insulated 
conductor  (or  ^'oore**  as  it  is  called),  before  being  covered  with 
the  protecting  sheathing,  is  placed  in  water  heated  to  a  tempera- 
ture of  75^  F.,  where  it  is  kept  for  a  period  of  not  less  than 
24  hours.  By  this  lengthened  immersion  the  core  acquires  the  tem- 
perature of  the  water  throughout  its  mass.  Careful  tests  are  then 
made.  After  the  core  has  been  sheathed,  it  is  coiled  into  a  tank 
and  kept  covered  with  water  at  a  normal  temperature,  and  tests 
are  made  r^ularly  every  day  to  ascertain  its  condition.  As  regards 
the  testing  of  the  conductor,  it  was  usually  the  practice  to  take  a 
resistance  measurement  and  then  to  correct  the  same  to  75**,  by  means 
of  the  coefficient  corresponding  to  the  temperature  of  the  water 
in  the  tank  in  which  the  cable  is  coiled ;  this  corrected  result,  if 
the  conductor  were  in  proper  condition,  would  obviously  correspond 
with  the  results  obtained  from  the  core  at  the  75''  temperature. 

Now,  owing  to  the  slowness  with  which  the  gutta-percha  covering 
conducts  heat,  unless  a  considerable  time  has  elapsed  after  the  im- 
mersion of  the  sheathed  cable  in  the  tank,  the  temperature  of  the 
water  in  the  latter  would  not  necessarily  indicate  the  precise  tem- 
perature of  the  conductor,  consequently  the  actual  tests  at  75%  and 
the  corrected  observed  results  might  not  correspond.  The  object 
of  a  conductor  test,  made  in  the  foregoing  manner,  would  of  course  be 
to  ascertain  whether  the  conductor  had  deteriorated  in  any  way  during 
the  course  of  manufacture ;  experience  has,  however,  shown  that  no 
such  deterioration  ever  does  take  place,  and  that  consequently  a 
corrected  conductor  test,  even  if  it  were  accurate,  is  practically  of 
no  value.  At  the  present  time,  therefore,  it  is  the  invariable  prac- 
tice to  make  use  of  the  conductor  test  for  the  purpose  of  ascertain- 
ing the  internal  temperature  of  the  core,  so  that  the  correct  reduction 
coefficient  may  be  applied  to  the  insulation  test  of  the  insulating 
covering.  In  cases  where  the  calculated  internal,  and  the  observed 
external,  temperatures  do  not  correspond,  the  reduction  coefficient 
corresponding  to  the  mean  of  the  two  is  sometimes  taken  for  correct- 
ing the  insulation  resistance. 

2  L  2 
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When  the  mannf  acture  of  a  cable  is  quite  completed,  and  the  htter 
has  been  allowed  to  remain  in  the  tanks  for  24  hoars  or  more,  the 
external  observed,  and  the  internal  calccdated,  temperatores  will 
generally  correspond  very  closely. 

597.  As  pointed  out  in  §  492,  page  444,  the  late  Mr.  Hodin 
verified  the  cnrioos  fact  that  it  is  not  until  some  hours  after  the 
gutta-percha  has  taken  its  temperature  that  the  resistanoe  reaches 
its  corresponding  value. 

598.  As  was  mentioned  in  §  594,  page  514,  unless  all  parts  of  the 
cable  are  at  very  nearly  the  same  temperature,  the  coefficient  ooire- 
sponding  to  the  mean  value  cannot  safely  be  used  for  the  oorrectioiL 
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CHAPTER  XXII. 
LOCALISATION  OF  FAULTS  AT  HIGH  RESISTANCE. 

Faults  in  Cables. 

599.  In  all  the  tests  for  localising  faults  hitherto  described,  with 
the  exception  of  the  loop  test  (§  344,  page  824),  it  has  been  assumed 
that  the  insulation  resistances  of  the  portions  of  cable  on  either  side 
of  the  fault  are  infinitely  great  compared  with  the  resistances  of 
the  conductor.  Such  an  assumption  practically  holds  good  in  cases 
where  the  cable  under  test  is  short,  and  also  if  the  resistance  of  the 
fault  is  small,  but  when  we  come  to  deal  with  long  cables  having 
faults  of  high  resistance,  the  formulae  we  have  obtained  are  no  longer 
correct.  The  following  investigation*  is  made  for  the  purpose  of 
obtaining  a  test  which  shall  be  correct  for  cables  of  any  length  and 
having  faults  of  any  resistance : — 

Let  A  B  (Fig.  230)  be  a  cable  of  any  length  connected  to  a  battery 


;J^^^^^^',<;  ^  v^Si^^^:^^\^^^\\\^\\\\^^\^^^\^^^^\vc^\\^\v\\\\^^^ 


X      ^ 


^,  EarkTi 


L 


-LL 


PQ 

Fig.  280. 


HHh 


Hartrk 


as  shown,  and  having  its  further  end  to  earth  through  a  resistance  o-. 
By  putting  a-  =  0  the  end  of  the  cable  will  be  direct  to  earth,  and  by 
putting  o-  =  00 ,  it  will  be  insulated. 

Let  the  length  A  B  =  n. 
„  „       AF  =  a; 

„       P  Q  =  dx. 

*  See  *  On  the  Leakage  of  Submarine  Oablea,'  by  A.  B.  Kempe,  B.A.,  *  Journal 
of  the  Society  of  Telegraph-Engineers,'  vol.  it.  page  90. 
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Let  the  potential 

at  A  = 

Vo 

»»           >»            w 

B  = 

V, 

99                 «>                  >» 

P  = 

V 

»                  >»                  >» 

Q  = 

v  + 

rfV.                                    ' 

Let  the  current  strength 

at  A 

=  c. 

>»            » 

99 

B 

=  c. 

»»            >? 

9» 

P 

=  c 

99                         99 

99 

Q 

=  C  +  rfC. 

Let  the  resistanceof  X  AP  ~  R 

9,      9,      9,      XAQ  =  a  +  rfa 

99  99  99  XAB    =    R» 

99  99  99  XA    =    Rq    =   <r. 

Alflo  let  resistance  of  unit  length  of  conductor  =  r 
And  „  „  y,  „  sheathing]  =  t. 

Calling  E  ihe  electromotive  force  of  the  battery,  then  since  the  flow 
of  electricity  from  any  point  to  any  other  point  close  to  it  is  from 
the  point  of  higher  to  that  of  lower  potential,  and  is  equal  to  the 
difference  of  potential  divided  by  the  resistance  separating  the  two 
points,  therefore  the  current  along  A  B  at  P  is 

(Y  +  rfV)  -  V  .  rfV  _  p 

The  resistance  of  the  wire  PQ  is  evidently  rdXy  because  it  vanes 
directly  as  the  length  of  the  wire,  but  the  resistance  of  the  iusu- 

lating  sheath  PQ  is  3-,  because  it  varies  invertdy  as  the  leogUi. 

dx 

Hence  the  "  leakage "  or  the  current  from  the  surface  of  the  con- 
ductor between  the  points  P  and  Q  to  the  earth  where  the  potential 
is  zero,  is 

V  -  0      Ndx 


Hence 


but 


• 

% 

■ 

t 

dx 

dC 

dx 

V 

^^           • 
1 

C  = 

d\ 

rdx' 

=  rfC. 
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therefore 


therefore 


where 


m' 


dQ      1    dP\ 

•— • 

dx      r  '  da^  ' 


^  =  11=^27 

d^'        i  • 


=  ^,  i.e,   m  =  ^  -. 


The  solntion  of  this  differential  equation,  obtained  by  the  well-known 
method,*  is 

and 

c  =  ^ .  1^  =  ^  [a^  -  B^-«-l .         m 

r     dx       r  [  J 

Now  when  a?  =  » 

V  =  V«  =  E,  and  C  =  C„, 

therefore,  since  resistance  =        po   n  la 

current  strength 


Rn  = 


and  similarly  when  x  =  0 

V  =  Vo,  and  C  =  Co, 
and 

Ro  =  cr  =  L. 

Taking,  therefore,  x  =  7«,  we  get 

E  =  Vn  =  Ae**  +  B«-«»«,  by  [1], 
Cn  =  ^  rA6'"«  -  B«— »"| ,  by  [2], 

therefore 

P^  ^  E  ^  r  rA6»'*  +  Bg-*^"]  p  , 

^      Cn      wLAfl-»-B«-~«J'  L^J 

*  See  Boole's  *  Differential  Equations,'  Second  Edition,  Chapter  IX.,^.  194. 
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Again,  taking  2;  »  0,  we  have 

Vo         A  +  B 


therefore 


<r=  '•- 


Cc 


7(A-B) 


A 
B 


m 

0-—  +  1 

r 


w 


and 


m 


>"(o-^  +  ll  +  «- 


') 


«-(o-^  +  1")-*— ^o-?  - 


[5] 


600.  Let  ns  now  see  how  we  can  apply  this  investigation  so  as  to 
obtain  a  test  which  shall  be  strictly  accurate  for  a  cable  of  any  length 
and  resistance.  The  following,  which  accompUshes  this,  is  in  reality 
the  fall  of  potential  test  given  on  page  468,  with  the  formula 
corrected. 

Let  b  e  (Fig.  281)  be  the  cable  having  a  fault  z  at  c^xmAy 
being  the  Unjsfths  on  either  side  of  the  fault,  and  let  B  be  a  reeistaiice. 


mnEarth 


'*HHb-u-nf 


Fig.  231. 


Now  from  equation  [1]  (page  519)  we  have 

v  =  A«""+  Btf-"«, 

and  at «,  where  2;  -  0, 

Vi  =  A  +  B ;  therefore,  A  =  Vi  - 
therefore 


B; 


[6] 


or 
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T>    _  Vj  ^"^  -    V 


Now  from  [6] 
therefore 

^mx  _  ^— HUB  gUMC  __  g— «** 

Galling  Bn  the  resistance  beyond  ^,  we  have 

V  ^  R  +  Rn 

V  R„      ' 

therefore 

R      _  Rn^ R» _ 

but  from  [3]  (page  519) 

mLAe""*  -  Be-"**  J' 


from  [6]  ; 


therefore 

R 
V 


5-=^r \ 1 

-  V     wLAe*"*  -  Be-"**  J 


therefore  from  [7] 

R 
V 


R      _  r  r         e««  -  e-w«         "I 
-  V      mLv(e"**  +  e-"**)  -  2Vi  J 


Again,  considering  the  portion  of  the  cable  y,  we  have 

Vi  ^  A,  e~y  +Bi  fl-«y 

V2         a;  +  BV     ' 

imd  from  [4] 

m 
Aj         r 


Bj      o-^  _  1 ' 
r 

in  which,  since  the  end  of  the  cable  is  insulated,  o-  =  oc  ; 
therefore 

^1  =  1 


[8] 
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from  which 


therefore 

inserting  this  value  in  [8],  we  get 

Now  if  /  be  the  length  of  the  cable,  then  y  =  I  -  Xy  therefore 
R— 


V  -  V  ■*  V  («"^  +  «-**)  -  v,  (tf*^'— )  +  ij-"'^-*^" 
Moltipljing  the  top  and  bottom  of  the  equation  by  #""  we  get 


m 

r  6*"'  -  1 


V  -  V  "  v(****  +  1)  -  v,(*"^  +  A-"***"*) 

-  1 


e 


'^^(y  -  ^2^""^)  +  V  -  Vgtf** 


therefore 


■.i>  --  ^ 


(V-v)  +  (v-v,OR7. 


e —  =  - 


-mis  T>  *» 


(V-v)  -  (v-v.^-**)R-l' 


from  which 


(V-v)  +  (v-Vj*-')R^ 
ir=-i-loge  -      ---'^.  [9] 

2"'  (V-v)-(r-v,«-OR-?' 

In  this  form  the  formula  cannot  be  practically  used,  as  we  require 

to  know  r  and  m,  that  is  ^/-^^  being  the  resistance  per  unit  length 

of  the  conductor,  and  i  the  resistance  per  unit  length  of  the  insulatr 
ing  sheathing.  These  we  cannot  determine  individuallj,  for  the 
measurement  made  when  the  end  of  Uie  cable  is  to  earth  is  not  that 
of  the  conductor  alone  but  that  of  the  conductor  diminished  by  die 
insulation  resistance ;  and  similarly,  when  the  end  is  insulated  the 
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measurement  made  is  not  that  of  the  insulating  sheathing  alone  but 
of  the  latter  combined  with  the  resistance  of  the  conductor.  If,  how- 
ever, we  know  what  these  measured  values  are  we  can  substitute  them 
in  the  formula  in  the  place  of  m  and  r. 

Let  the  measured  resistance  of  the  cable  when  to  earth  at  the 
further  end  be  B«,  and  when  insulated  R< ;  then 

This  value  of  B«  we  obtain  from  equation  [5]  (page  520)  hj 
putting  o-  =  0,  and  of  B<  by  putting  o-  =  <x. 

By  multiplying  one  equation  by  the  other,  we  get 


therefore 


''^^-.-L.  [10] 


Also,  we  have 


therefore 

therefore 

^i  ^  VRi  +  v^Rg .  \W\ 

A?Ri+  V^Ri' 
that  is 

L  = '  .  ri2l 

•2w  VRi+  VR,' 

JoK«  VRi  +  v^R. 
and  also  from  [11]  we  have 

^  =       /y.^'J*"-^A  and  0-'"^  =      /  ^5'  +  ^  ^,    [18] 
V     V  R<  -  VR.  V    VRi  -  V  R^ 

We  have  thus  determined  ^  ,  a"*'  and  «-"^,  and  can  con- 

2  w'    r 

sequently  insert  their  values  in  any  equations  we  may  require. 

601.  Instead  of  employing  the  resistance  R  (Fig.  231,  page  520), 
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we  may  make  the  test  by  connecting  the  battery  direct  on  to  i 
through  a  galvanometer,  so  that  the  resistance  Bm  of  the  cable  can 
1)0  measured  by  the  ordinary  deflection  method  (§  11,  page  6). 
Then,  since 

V:v::R  +  R«  iR,, 
therefore 

V  - v  =  V  ^ 

If  we  substitute  this  value  of  V  -  v  in  equation  [9]  (page  522), 

we  get 

V    .   ,  «,v  tn 


!.„„    ±^(^-^^'^7 


X  =    /     loge  -^    ._        

^    1  v+(v-v,.«')R,?? 

^*"      \  -(v-v,«-~')R.*^/ 

For  example. 

A  cable  1000  knots  (l)  long  had  a  very  small  fault  in  it  which 
was  required  to  be  localised.  When  the  cable  was  good  its  resist- 
ance with  the  further  end  insulated,  after  five  minutes*  electrification, 
was  700,000**  (Rt),  and  its  resistance  with  the  further  end  put  to 
earth,  5000**  (R«).  When  the  cable  was  faulty  its  resistance  with  the 
end  insulated,  after  five  minutes'  electrification,  was  100,000*  (En). 
The  potentials  at  the  ends  of  the  cable,  after  five  minutes'  electiifi- 
cation,  were  300  (v)  and  292  (Vj)  respectively.  What  was  the 
distance  {x)  of  the  fault  from  the  nearer  end  of  the  cable  ? 

ml  1 


r       V  5000  x"  700,000      59,161* 

A=  ^^^^_  -         =5902-1 

2  m      J      V  700,000  +  V  5000  ^  2 '  3026  * 

V^ "700,000  -  V  5000 


'"^  =  >v/';^^^'-'*'^,^^  =  1-0884, 


V^  700,000  -  V5OOO 


^^i^       N  700,000  -  V^5000 
"^  V700,000  +  V^5000 


=  -9188. 
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Inserting  these  valaes  in  the  equation,  we  get 

300  +  [300  -  (292  x  1-0884)]  100,000  x 


X  =  5902-1  X  lo2 


n 


59,161 

300  -  [800  -  (292  +  -9188)]  100,000  x    —1— 

D9,1o1 

X  2  •  3026  =  538  knots. 

602.  Since  in  the  case  of  a  small  fault  the  difference  between  the 
potentials  at  the  two  ends  is  comparatively  small  it  is  essential  that 
they  should  be  measured  with  great  accuracy,  otherwise  a  small  error 
made  in  determining  their  value  will  make  a  considerable  error  in  the 
value  of  X,  The  readings  on  the  scale  of  the  galvanometer  or  elec- 
trometer must  therefore  be  made  as  high  as  possible  ;  it  is  even 
advisable  to  extend  the  length  of  the  scale  so  that  this  may  be  done 
more  effectually. 

603.  The  relative  values  of  the  potentials  at  the  two  ends  of  the 
cable  must  be  determined  in  the  manner  described  in  Chapter  XVII. 
(§  585,  page  469). 

Localisation  of  Faults  in  Insulated  Wires. 

604.  The  usual  method  of  localising  a  fault  in  a  length  of  insulated 
wire,  or  cable  core,  which  has  not  been  covered  with  the  iron  sheathing 
which  forms  the  complete  cable,  is  to  pass  the  wire  through  water  in 
an  insulated  trough,  one  pole  of  a  battery  of  several  hundred  cells 
being  connected  to  the  conductor,  the  other  pole  to  one  terminal  of  a 
galvanometer,  and  the  other  terminal  of  the  latter  to  the  water  in  the 
trough.  With  this  arrangement,  immediately  the  fault  in  the  wire 
passes  into  the  trough  the  galvanometer  needle  is  deflected.  This 
method,  however,  is  not  adapted  for  detecting  extremely  minute 
faults,  such  as  are  of  not  infrequent  occurrence. 

605.  Mr.  H.  Ohlson  has  pointed  out  *  that  in  the  case  of  core 
insulated  with  Hooper's  indiarubber,  the  effect  of  a  leakage  due  to  a 
small  fault  may  be  greatly  increased  by  using  hot  water  in  the  trough^ 
instead  of  cold,  as  is  usually  done. 


Wabren's  Method.! 

606.  This  method  is  adapted  for  localising  very  minute  faults,. 
i.e.  faults  of  high  resistance. 

♦  The  *  Electrical  Review/  January  1,  1904. 
t  '  Philosophical  Magazine,'  No.  314,  June  1879. 
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The  lengdi  of  wire  to  be  operated  on  is  immaterial,  provided  that 
the  whole  or  a  portion  of  it  can  be  coiled  on  an  insulated  dram,  and 
that  between  the  parts  coiled  the  sorface  of  the  core  for  a  length  of 
^  or  8  inches  can  be  cleaned  and  dried  so  as  to  prevent  conduction. 

In  the  first  case  (when  the  whole  can  be  coiled  on  a  drum),  one- 
half  is  coiled  off  on  a  second  drum,  the  two  drums  being  carefnlly 
insulated.  The  surface  of  the  core  between  the  drums  is  well 
cleaned  and  dried.  The  conductor  is  attached  to  one  set  of  quad* 
rants  of  an  electrometer,  the  other  set  being  to  earth,  and  the  two 
drums  are  connected  to  earth  by  an  attendant  at  each  drum ;  one 
pole  of  the  battery  (whose  second  pole  is  to  earth)  is  then  connected 
to  the  conductor,  so  that  the  whole  becomes  charged,  the  battery  is 
then  disconnected  from  the  electrometer,  and  the  earth-wires 
simultaneously  taken  off  the  drums.  It  is  best  to  leave  the  battery 
on  until  the  earth-wires  are  removed  from  the  drums. 

The  insulation  of  the  drums  and  electrometer  should  be  mA 
that  no  loss  can  be  perceived  after  a  few  minutes,  when,  if  the  earth- 
wire  be  applied  first  to  one  drum  and  then  to  the  other,  the  fault  will 
be  found  on  that  drum  which  causes  the  greatest  fall  in  the  electrth 
meter.  The  wire  is  coiled  from  the  faulty  side  to  the  other,  and  the 
test  repeated  as  often  as  is  required.  A  mile  of  core  with  a  small  faxdt 
in  it  can,  by  a  little  practice,  be  put  right  in  an  hour  or  two,  involving 
no  more  waste  than  a  portion  of  the  insulator  which  can  be  held 
between  the  fingers,  and  without  even  cutting  the  conductor.  The 
position  of  the  fault,  when  it  is  obtained  between  the  two  dnuns, 
can  be  found  more  closely  by  cleaning  and  drying  the  surfaces  on 
each  side  of  it,  and  then  touching  the  place  where  the  fault  appears 
to  be,  with  the  earth-wire,  and  seeing  whether  there  is  a  fall  in  the 
electrometer. 

In  the  second  case,  where  the  bulk  would  prevent  the  whole  from 
being  insulated,  we  should  continue  to  coil  the  core  upon  an  insu- 
lated drum  until  the  fault  disappeared — ^that  is,  until  it  was  coiled  on 
the  drum.  This  is  a  useful  method  when  dealing  with  "  served  core,^^ 
that  is  core  with  its  hemp  covering  only,  at  a  cable  factory. 

607.  By  the  foregoing  method  a  joint  may  be  tested  with  great 
ease  by  immersing  it  in  an  insulated  trough  of  water,  and  putting  the 
latter  to  earth,  or  even  by  simply  touching  the  moist  joint  with  the 
earth-wire. 

608.  The  tests  can  be  made  with  a  galvanometer  instead  of  an 
electrometer,  although  it  is  not  such  a  sensitive  arrangement,  b 
this  case  the  battery  would  be  connected  through  the  galvanometer 
to  the  conductor,  as  in  an  ordinary  insulation  test,  and  then  the 
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drams  be  connected  to  earth  alternately,  when  the  deflection  of  the 
needle  shows  on  which  dram  the  fanlt  exists  ;  bat  as  the  lengths  on 
«ach  dram  may  be  very  aneqoal,  and  consequently  one  dram  may 
show  a  greater  deflection  simply  in  virtae  of  its  having  a  greater 
length  of  core  on  it,  the  rash  of  carrent  alone  is  not  sufficient  to 
•enable  the  dram  on  which  the  f aalt  is,  to  be  found ;  but  by  carefully 
watching  the  electrification,  and  seeing  whether  the  fall  is  r^ular  or 
not,  no  difficulty  will  be  found  in  fixing  upon  the  drum  containing 
the  fault.  The  battery-power  required  will  vaiy  with  the  magnitude 
of  the  fault  and  the  sensitiveness  of  the  instrument,  and  can  only  be 
-determined  by  experience  and  experiment. 

Jacob's  Method. 

609.  This  method,  which  is  a  very  satisfactory  one,  consists  in 
winding  the  faulty  core,  no  matter  what  the  resistance  of  the  fault 
happens  to  be,  on  to  a  drum  or  platform  which  requires  to  be  only 
partially  insulated,  so  that  a  wooden  stand  or  even  the  floor  is  often 
quite  sufficient ;  the  battery  with  one  pole  to  earth  is  then  applied 
direct  to  the  conductor  of  the  core  the  other  end  of  which  is 
insulated,  the  galvanometer  is  inserted  between  the  drum  and  earth ; 
thus  so  long  as  the  resistance  between  the  drum  and  earth  along  the 
surface  of  the  core  or  otherwise  is  not  too  small,  so  as  to  shunt  the 
galvanometer  too  much,  the  current  through  the  fault,  if  it  be  on  the 
drum,  will  flow  through  the  galvanometer  to  earth,  but  if  the  jfault  is 
not  on  the  drum  the  current  will  pass  direct  to  earth  since  the  tank 
in  which  the  rest  of  the  core  is  coiled  will  be  to  earth  ;  the  core  will 
be  then  wound  off  or  on  accordingly  until  the  fault  is  found.  Often 
this  fault  will  not  be  visible  to  the  naked  eye  and  the  exact  place  can 
be  electrically'  determined  by  passing  the  end  of  the  wire  leading 
from  the  galvanometer,  over  the  surface  of  the  core,  while  the  battery 
is  connected  as  above  described.  If  two  drums  are  used,  the  core  on 
one  will  have  its  surface  connected  to  earth,  and  that  on  the  other 
connected  to  the  galvanometer,  or  vice  versd,  so  that  it  can  be  seen 
that  the  fault  has  not  disappeared  in  coiling  over.  It  should  be 
added  that  in  this  test  there  is  no  necessity  for  cleaning  the  surface 
of  the  portion  of  core  between  the  two  drums,  and  that  any  descrip- 
tion of  core  except  that  covered  with  a  metallic  sheathing,  *  can  be 
so  tested. 

*  When  a  cable  is  to  be  laid  in  seas  where  the  teredo  worm  abounds,  it  iB 
now  usual  to  cover  the  insulated  core  with  a  cluse-iitting  lapping  of  thin  brass 
tape. 
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Applbyabd's  Method.* 

610.  The  following  method  of  localising  faults  (devised  by 
Mr.  Rollo  Appleyard),  has  been  found  especially  useful  for  braided 
core,  and  for  core  protected  by  ozokerited-tape.  It  does  not  require 
these  coverings  to  be  removed  or  cut.  Pig.  282  shows  a  convenient 
arrangement  of  the  test.  Drums  A  and  B  are  supported  upon 
ebonite  bearings.  The  electrical  connections  are  those  of  the  "  direct 
deflection  "  method,  with  the  addition  of  a  "  guard-wire,"  0  D  (page 
449) ;  this  guard-wire  terminates  at  G  in  a  rubbing  contact  piece. 


Fig,  232. 

which  may  be  a  metallic  brush  or  a  wet  sponge.  The  ends  of  the 
core  are  brought  out  through  the  flanges  of  the  drums.  For  the 
sake  of  clearness,  the  ends  in  the  fig.  are  shown  connected  directly 
to  the  testing  circuit ;  in  practice  each  end  of  the  conductor  shonld 
be  connected  to  the  iron  lole  of  its  corresponding  drum ;  contact 
with  the  testing  circuit  can  then  be  made  through  the  brass  bashing 
of  the  ebonite  bearing  of  drum  B.  A  wet  cloth  attached  to  an 
earth-wire,  shown  on  drum  A,  can  be  placed  either  upon  AorB. 
In  the  case  of  bare  core  it  is  convenient  to  cover  the  whole  length 
from  A  to  B  with  damp  cloth. 

Faults  in  core  may  be  (1)  single,  (2)  multiple,  or  (3)  distributed. 
They  may  vary  in  resistance  from  zero  to  comparatively  high  values. 

1.  When  a  single  fault  of  low  resistance  passes  through  the  con- 
tact at  0,  its  presence  is  indicated  by  a  sudden /oZI  in  the  deflection, 
for  the  galvanometer  is  at  that  moment  automatically  short-circuited 
through  the  conductor  of  the  cable.  Simultaneously  the  batteiy  is 
connected  directly  to  the  fault,  arid  generally  bums  it  out. 

*  'Eleotrioal  Review/  Angiist  24,  1900. 
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2.  A  fault  thus  localised  should  be  removed,  by  cutting  awaj  the 
faulty  portion  from  the  dielectric,  and  temporarily  repairing  the  cable. 
The  core  can  then  be  carried  on  through  C.  If  there  are  several 
faults,  the  deflection  will  fall  as  each  in  succession  passes  the  guard- 
wire. 

3.  In  the  case  of  faults  distributed  along  several  inches,  or  even 
yards,  of  the  core,  the  bad  portion  can  always  be  brought  to  the 
intermediate  stretch  from  A  to  B.  For  this  purpose,  the  earth-cloth 
should  first  be  laid  upon  A,  and  the  deflection  noted  ;  it  should  then 
be  removed  to  B,  and  the  corresponding  deflection  observed.  This 
determines  whetJier  the  faulty  portion  is  upon  A,  or  B,  and  by 
winding  core  from  the  faulty  drum  to  the  good  drum,  in  measured 
lengths,  and  by  comparing  corresponding  successive  pairs  of  deflections, 
the  faulty  portion  passes  ultimately  from  one  drum  to  the  other.  If 
the  faulty  portion  is  in  this  way  located  somewhere  along  the  stretch 
between  C  and  B,  it  is  clear  that  by  moving  the  guard-wire  from  C 
towards  B  the  deflection  will  gradually  diminish,  for  the  current 
through  the  galvanometer  is  thereby  more  and  more  shunted.  If  the 
fault  is  uniformly  distributed,  the  fall  of  deflection  is  approximately 
proportional  to  the  distance  thus  traversed  by  C.  The  rate  at  which 
it  falls  as  C  moves  towards  B  can  be  compared  with  the  rate  of  falling 
when  good  core  is  substituted  for  the  faulty  portion  between  0 
and  B. 
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CHAPTER    XXIII. 

LOCALISATION  OF  A  DISCONNECTION  FAULT  IN 

A  CABLE. 

Localisation  of  a  1?otal  Diboonnxotion. 

611.  The  localiflation  of  a  total  disoonnection  in  a  cable  is  a 
very  easy  matter.  If  the  oondactor  is  broken  inside  the  insulating 
sheathing,  a  battery  connected  to  the  end  of  the  cable  will  charge  the 
latter  as  far  as  the  fault  only,  consequently  if  we  measure  the  dis- 
change,  and  compare  it  with  the  discharge  from  ^  condenser  of  a 
known  capacity  charged  from  the  same  battery,  we  obtain  the 
capacity  of  the  portion  up  to  the  fault.  Also,  since  the  capacity  ptf 
knot  of  the  cable  is  always  known,  the  observed  capacity  of  the  length 
in  question,  divided  by  the  capacity  per  knot,  will  give  at  once  the 
distance  of  the  fault. 

Localisation  of  a  Pabtial  Disoonnection. 

612.  Partial  disconnection  faults,  although  seldom  met  with  in 
cables  with  gutta-percha  cores,  frequently  occur  in  those  whose 
insulating  material  is  indiarubber.  This  arises  from  the  elasticity 
of  the  substance  ;  for  when  any  undue  strain  is  put  on  the 
core  the  conductor  breaks,  but  the  indiarubber  only  stretches,  and  an 
earth  fault  is  not  made.  When  the  strain  is  taken  off,  the  two  ends 
of  the  conductor  come  together  and  make  contact  more  or  less 
perfectly.  If  the  break  is  noticed  at  the  moment  the  cable  is  being 
laid  from  the  ship,  its  position  is  of  course  known.  But  in  some  cases 
a  fault  of  this  nature  does  not  develop  until  some  time  after  the 
submersion  ;  its  locality  can  then  only  be  found  by  testing. 

Such  faults  are  difficult  to  localise,  as  none  of  the  ordinary  tests 
are  applicable  to  them.  The  following  method,  however,  devised  by 
the  author,  is  susceptible  of  considerable  accuracy  if  carefully  made. 

In  Fig.  233,  B  E  represents  the  cable  with  its  further  end  to 
earth ;  B  and  r  are  the  resistances  of  the  portions  of  the  cable  on 
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either  side  of  the  disconnection,  and  y  is  the  resistance  of  the  latter ; 
a,  hy  and  c  are  the  three  sides  of  a  Wheatstone  Bridge,  of  which  the 
cable  forms  the  fourth  side ;  g  and  g-^  are  two  galvanometers,  the 
former  being  of  the  ordinary  Kelvin  form  and  the  latter  also  a  Kelvin 
instrument,  bat  provided  with  heavy  needles,  so  that  the  movements 
are  very  sluggish. 


Connected  to  the  battery,  and  also  to  the  galvanometers,  is  a  key 
formed  in  two  parts.  The  ordinary  lever  h  of  the  key  has  its  back- 
stop connected  through  the  galvanometer  g^  to  the  junction  of  the 
resistances  a,  h  ;  thus  when  the  key  is  in  its  normal  position  the  gal- 
vanometer g^  is  connected  to  earth.  The  second  portion  of  the  key 
consists  of  a  lever  7,  to  the  underneath  part  of  which  is  fixed  the 
metal  piece  Z^,  which  is  insulated  from  h  Normally,  as  shown  in 
the  figure,  l^  rests  on  a  stop  connected  to  one  pole  of  the  battery, 
the  otibier  pole  of  the  latter  being  connected  to  B.  The  point  P  is 
connected  permanently  with  Z^,  whilst  the  lever  I  is  itself  permanently 
connected  to  the  galvanometer  g. 

Now,  the  result  of  this  arrangement  is,  that  normally  the  battery 
is  connected  between  the  points  B  and  P,  and  the  galvanometer  g-^  is 
connected  between  the  junctions  of  a  and  h  and  with  earth,  that  is 
with  the  end  B  of  the  cable  ;  the  whole  arrangement,  in  fact,  forms 
an  ordinary  Wheatstone  Bridge. 

Now,  if  a,  &,  and  c  are  adjusted  so  that  balance  is  produced,  then 
the  needle  of  the  galvanometer  g^  will  stand  at  zero ;  if,  when  this  is 
the  case,  the  key  k  be  depressed,  ^^  will  be  disconnected,  and  when 
the  lever  of  k  touches  the  end  of  Z,  g  will  be  put  in  circuit  in  the  place 
of  g^ ;  but  immediately  this  takes  place  l^  will  be  lifted  off  its  contact, 
and  the  battery  will  be  cut  off;  exactly  at  this  moment  then  the 
charges  in  the  cable  will  discharge  and  divide  themselves,  portions 
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flowing  out  at  the  further  end  and  the  other  portions  flowing  out 
through  g^  a,  and  b,  and  thenoe  through  c  to  earth.  A  throw  of  the 
needle  of  the  galvanometer  will  thus  be  produced. 

Supposing  the  key  ^  to  be  in  its  normal  position,  so  that  the 
battery  causes  a  current  to  flow  through  the  cable,  whilst  the  resist- 
ances a,  b,  and  c,  are  so  adjusted  that  the  galvanometer  ^^  is  unaffected, 
then  let  Y  be  the  potential  at  the  beginning,  and  v  be  the  potential 
at  any  other  point  of  the  portion  B  D. 

If  now  the  key  be  depressed,  the  charges  in  the  cable  represented 
by  the  areas  AB  C  D  and  E  H  E,  will  flow  out  at  the  two  ends  of  the 
cable  in  proportions  dependent  upon  the  values  of  the  resistances  R, 
y,  and  r,  and  the  combined  resistances  of  a,  b,  g^  and  c. 

Let  t;  £te  be  a  differential  part  of  the  charge  A  B  0  D,  then  this 
portion  will  split,  and  the  portions  flowing  out  at  the  two  ends  of  the 
cable  will  be  inversely  proportional  to  the  resistances  on  either  side 
of  i'^^ ;  thus  the  portion  flowing  out  at  B  will  be 

^         Ri  +  R  +  y  +  r     ' 

where  B^  is  the  combined  resistance  of  a,  &,  ^,  and  c. 
Now 

V:t;::R  +  y  +  r:R  +  y  +  r-ar, 
therefore 


_^R  +  y  +  r-ir 


v  =  V 


that  is 


R  +  y  +  r 


""^  (R;  +  R  +  y  +  r)  (R  +  y  +  r)     ' 

and  the  integral  of  this  between  the  limits 

a?  =  R  and  a;  =  0 

will  give  the  quantity  Q'  flowing  out  at  B,  that  is 

'Ry  (R  +  y  +  r^a?y  ^^ 

(Ri  +  R  +  y  +  r)  (R  +  y  +  r) 

V 


*=X' 


P(E  +  y  +  r  -  x^dx 


(R,  +'R  +  y  +  r)  (E 

V r(R  +  y  +  r)»  -  (y  +  ryt 

(B,  +  E  +  y  +  r)(R  +  y  +  r)L  »  J 

_  V         (E  +  y  +  r)»  -  (y  +  r)» 


8  ■  (E,  +  E  +  y  +  r)  (E  +  y  +  r) 
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Similarly  we  shoold  find  that  the  quantity  Q"  flowing  out  from 
the  portion  r  of  the  cable  would  be 

Q"=!-.  '^ 


8  '  (Ri  +  R  +  y  +  r)  (R  +~y  +  r)' 

and  therefore  the  total  quantity  Q  flowing  through  the  galvanometer 
will  be 

\l      \l^\l       '3  •(R,  +  R  +  y  +  r)(R  +  y  +  r)-     ^^-^ 

Now  the  total  quantity  Q^  which  the  cable  would  take  if  its 
further  end  were  insulated  and  the  end  B  maintained  at  the  potential 
V,  would  be 

Qi  =  V(R+r). 

Again,  if /be  the  capacity  in  microfarads  of  such  a  length  of  the 
cable  as  would  have  a  conductor  resistance  of  1  ohm,  then  (R  +  r)/ 
will  be  the  actual  total  capacity  of  the  cable,  and  if  Qg  be  the 
charge  held  by  a  condenser  of  F  microfarads  capacity,  also  charged 
to  the  potential  Y,  then 

Qi.:Q2::(R  +  r)/:F; 
therefore 

or 

F 

Substituting  then  this  value  of  V  in  equation  [1]  we  get 

Q^M     (R  +  y  +  0°  ~  (y  +  r)«  +  r« 
^      3  F  •  (Ri  +  R  +  y  +  r)  (R  +  y  +  r)' 
Let 

R  +  y  +  r  =  L,    therefore,    y  +  r  =  L  -  R  ; 
R  +  r  =  Lp    therefore,    r  =  L^  -  R. 

Substituting  these  values  in  the  last  equation  we  get 

O-M   L«  -  (L  -  R)»  +  (L^  -  E)» 
^      3F'  (Ri  +  L)L 

_  Q,/    L«-  L»-  8LB''  +  SL^Rh-  B«  +V  +  8LiR«-  syR-  R« 
~  TF  '  (Ri  +  L)L 

_Q,/    L,»  +  8R(L»  -  W)  -  8R«(L  -  LQ . 
"8F*  (R,  +  L)L 
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therefore 

-^^^^^^  -  V-  8fi(L  +  LO(L  -  LO  -  8BHL  -  L,); 

therefore 

R.-B(L.I,).-»SIffi.;»^)I--Q.W, 

therefore 

R«-B(L+i,)+(i^-LLxy=(^i^y- 

8QF(B,  +L)L-Qg/L,« 
8Q,/(L-L0 
that  is 


R-L  +  Lt_      /Oi  +  hY     3  Q  F  (R,  +  L)  L  -  Q,/L,« 

2  V         4   '     "  8  Qj/(L  -  Li)  •    L^J 

Now  the  qoantitj  Q  discharged  at  B  will  split  between  the 
resistances  ff,  and  a  +  (,  the  quantity  Q,  passing  throngh  the  g^- 
Tanometer  being 

Q.-Q  -*_±-?_. 

from  which 

Q=Q.*jL£-±i. 
^     ^»     ft  +  c 

The  valne  of  B^,  the  combined  resistance  of  a,  b,  g,  and  c,  will  be 

and  smce  balanoe  is  produced  in  the  bridge 

ac 


^  =  -*' 


therefore 


'  b  ■¥  c  +  g^   b 


^         'b  +  c  +  g      ^         'b      (i  +  c+y)*"-' 
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and  therefore 

Q  (El  +  L)  =  ^[ff(a  +  b)  +  a{h  +  c)]. 

Substituting  this  value  in  equation  [2]  we  get 

^  4  3Q^(L-L0 


in  which,  as  before  stated, 


T      ac 


Should  it  be  necessary  to  employ  a  shunt  for  the  galvanometer  g^ 
of  the  ^th  value  say,  ,then  the  observed  deflection  will  have  to  be 
multiplied  by  n  in  order  to  give  the  value  of  Qg,  and  also  the  value 
of  g  in  the  formula  will  be  -th  of  the  actual  resistance  of  the 
galvanometer. 

For  example. 

In  localising  a  partial  disconnection  in  a  cable  by  the  foregoing 
test,  the  branches  a  and  h  of  the  bridge  were  made  100*  each,  and 
balance  was  obtained  on  g  when  e  was  adjusted  to  5000* ;  conse- 
quently since  a  and  b  are  equal 

L  =  c  =  5000. 

The  conductor  resistance  L^  when  the  cable  was  perfect  was  2000*. 

The  resistance  of  the  galvanometer  was  5000*,  but  when  the 
discharge  was  noted  it  was  necessary  to  employ  the  ^\h  shunt,  so 
that  in  the  formula  we  must  put 

g  =  _____  =  500. 

The  discharge  deflection  observed  on  depressing  the  key  was  248 
divisions,  therefore 

Qg  =  248  X  10  =  2480. 

The  discharge  deflection  Qg  observed  from  a  condenser  of  1 
microfarad  capacity  (F)  when  charged  to  the  potential  Y  was  202 
divisions  with  no  shunt,  therefore 

Q2  =  202. 
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The  cable  having  a  oondactor  resistanoe  of  10*  per  mile,  and  an 
inductive  capacity  of  *8  microfaiad  per  knot,  the  capadtj  in  micro- 
farads of  such  a  length  of  the  cable  as  wonld  have  a  conductor 

resistance  of  1  ohm,  would  he  — -  ==  'OS  microfarad,  that  is 

/=  -03; 

then 

/  3  X  2480  xl  r 

j^  ^  5000  +  2000  _       /  (5000  4-  2000^  _  100  *• 

2  V     '  4 


[500  (100  +  100)  +  100  (100  +  5000)]  5000  -  202  x  -08  x  2000* 

•  •  • — — ^^^^-^-^.^^— ^.^— ^^^^^— ^-^-^-— ^__^.^^_^^^_-^^__^^_^.^_^^^^.^^^.^^_^_^^^^_^_^_____^ 

3  X  202  X   -08(5000  -  2000) 

«  3500  -  2996  =  504-. 

618.  In  making  this  test  practically,  after  c  and  Q,  have  been 
obtained,  the  cable  must  be  disconnected  from  the  bridge,  and  a 
resistance  equal  to  L  be  connected  between  B  and  F,  the  potential  at 
the  point  B  will  then  still  be  Y ,  and  further  the  galvanometer  can  be 
removed  without  altering  this  potential ;  the  condenser  and  galvano- 
meter must  then  be  joined  up  in  the  manner  shown  by  Fig.  178, 
page  345,  the  wires,  however,  which  in  that  figure  are  shown  as  con- 
nected to  the  battery,  being  connected  in  the  present  case  to  the 
points  B  and  F,  Fig.  238  (page  581)  ;  then  the  discharge  obtained, 
multiplied  by  the  shunt  (if  one  is  employed),  gives  Q,. 

614.  It  will  sometimes  be  found  that  the  cable  is  traversed  by  an 
earth  current.  The  effects  of  this  may  best  be  neutralised  in  the 
maimer  indicated  on  page  824,  §  848,  Chapter  IX.,  the  compensating 
battery  being  connected  between  the  cable  and  the  point  B,  and 
adjustment  effected  with  the  lever  1 1^,  raised  so  as  to  cut  the  testing 
battery  off ;  when  the  galvanometer  g^  is  unaffected  the  adjustment 
is  correct,  the  lever  Z  Z^  is  then  let  down,  and  the  test  made  as  if  no 
earth  current  existed. 

615.  As  it  would  be  a  matter  of  considerable  difficulty,  if  not  of 
impossibility,  to  adjust  the  bridge  balance  with  an  ordinary  Kelvin 
galvanometer  (^i)  in  consequence  of  the  latter  being  greatly  affected 
by  slight  changes  in  the  earth  current,  a  galvanometer  with  a  heavy 
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needle  whose  movements  are  very  slnggish,  and  which  is  consequently 
unaffected  by  slight  and  sudden  changes  of  current,  is  necessary  for 
the  purpose.  For  measuring  the  discharge,  however,  a  more  sensitive 
instrument  (jg)  is  necessary,  which  must  be  brought  into  use  only  at 
the  exact  moment  required,  since  it  is  necessary  that  its  needle  be 
steady  at  zero  at  that  time.  By  the  arrangement  of  key  shown  in 
Fig.  238  (page  531),  this  object  is  completely  effected,  as  the  gal- 
vanometer g  is  only  brought  into  use  at  the  moment  when  the  battery 
is  cut  off,  and  the  cable  discharged. 
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CHAPTER  XXIV. 

A  METHOD  OF  LOCALISING  EARTH  FAULTS  IK 

GABLES. 


Localisation  of  Fault  when  Gable  is  not  broken. 

616.  This  test  is  of  the  same  nature  as  the  forgoing,  and 
possesses  the  advantage  of  having  all  the  necessary  observations 
taken  simnltaneooslj,  and  from  one  end  of  the  cable  only. 

In  Fig.  284,  B  and  j?  represent  the  resistances  of  the  portions  of 
the  conductor  of  the  cable  on  either  side  of  the  fault,  and  r  represents 
the  resistance  of  the  fault  itself.    As  in  the  previous  test,  a,  d,  and  c 


iaTtk 


are  the  three  sides  of  a  Wheatstone  bridge,  of  which  the  cable  fonns 
the  fourth  side,  and  g  and  g^  are  two  galvanometers,  kll^\R9k  key, 
the  construction  and  working  of  which  were  fully  described  in  the 
previous  test  (page  581). 

Supposing  the  key  to  be  in  its  normal  position,  then  let  Y  repre- 
sent the  potential  at  the  beginning  of  the  cable,  v  the  potential  at  the 
fault  and  also  at  the  further  end  H,  and  v  the  potential  at  any  point 
between  B  and  D. 

If  now  the  key  k  is  depressed,  the  charge  in  the  cable,  which  is 
represented  by  the  area  A  B  C  D,  will  flow  out  at  B  and  at  D  in 
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proportions  dependent  upon  the  values  of  the  resifltanoes  r,  B  and  the 
combined  reslBtanoes  a,  b,  g,  and  c. 

Let  vdxhe2L  differential  part  of  the  charge.    Then  the  portion 
of  ihis  which  will  flow  out  at  B  will  be 

rf^i  =  «'?-^- -^, 
"^         Ri  +  R  +  r 

where  R^  is  the  combined  resistance  of  a,  &,  ^,  and  c. 

Now 

V:V::R  +  r:R  4-r  -  x; 

therefore 

yr  R  +  r  -  « 

R  +  ri 
therefore 

and  the  integral  of  this  between  the  limits  a;  =  R  and  x  =  0  will  give 
the  total  quantity  ^i,  due  to  the  charge  A  B  D  C,  flowing  out  at  B, 
that  is 

^'      jo       (Ri  +  R  +  r)(R  +  r) 

X f*  (R  +  r  -  xydx 

(Ri  +  R  +  r)(R  +  r)Jo    ^  ^ 

(Ri  +  R  +  r)  (R  +  r)  L  8  J 

3   •(Ri  +  R+r)(R  +  "r)'  ^  -I 

Now  besides  the  quantity  q^  there  will  be  a  quantity  q^  flowing 

out  at  B,  due  to  the  charge  represented  by  the  area  C  D  H  I.    Let 

this  charge  be  ^,  then 

q'  =  vp; 

but 

V  :  V  : :  R  +  r  :  r, 

therefore 

^     '    R  +  r.' 
therefore 
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This  quantity  ^  in  flowing  out  at  D  wiU  divide,  the  portion  q^ 
flowing  along  B  and  out  at  B,  being 

*2      *  Ri  +  R  +  r  (Ri  +  R  +  r)(R  +  r)  • 

eonsequentlj  the  total  quantity  flowing  out  at  B  wiU  be 

<7   +(,   =V  (R  +  r)»-r« f^p 

^'      **      8  '  (Ri  +  R  +  r)  (R  +  r)  ^  ^  (R^  +  R  +>)"(R  +  r) 

^V    (R  +  r)3-r«+8r2^^Q  r,. 

8  '  (Ri  +  R  +  r)  (R  +  r)      ^'  *•  "^ 

Now,  if  the  cable  had  no  fault  in  it,  and  its  further  end  were 
insulated,  and  if  it  had  been  charged  to  the  potential  Y,  then  the 
quantity  Q^,  which  the  length  B  D  would  contain,  would  be  repre- 
sented by  the  equation 

Q,  =VR. 

Again,  if  /  be  the  capacity  in  microfarads  of  such  a  length  of  the 
cable  as  would  have  a  conductor  resistance  of  1  unit,  then  R/  will  be 
the  actual  total  capacity  of  the  length  B  D ;  and  if  Qg  be  the  charge 
held  by  a  condenser  of  F  microfarads  capacity  also  charged  to  the 
potential  Y,  then 

Qi:Q,::R/:F; 
therefore 


Qi  =  ^|'^-VR, 


or 

V  -  Q2/ 
-    F  • 

Substituting  this  value  of  V  in  equation  [1]  we  get 

^      8  F     (Ri  +  R  +  r)  (R  +  r) '  ^^  ^ 


or 


/u  ^    ^8       ^   .   .^   -         8  Q  F  (Ri  +  R  +  r)  (R  +  r) 


Let 

R  +  r  -  L 
and 

R  +  jt?  =  Li ; 
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therefore 

r  =  L-  R 

and 

p  -  r  =  Lj  -  L,    or,    /?  =  L^  -  L  +  r ; 

therefore 

(R  +  r)8  -  7^  +  8r2;?  =  L»  -  r«  +  Sr^  (Lj  -  L)  +  3  r» 

=  L«  +  3r2(Li  -  L)  +  2r8 

=  L»  +  8(L  -  R)2(Li  -  L)  +  2(L  -  R)«, 
therefore 

(L  -  R)8  +  ^(^1-^)  (L  -  R)2  =  ^_Q-?(?i.+  yL  .  L8 

Also  if  Q3  equals  the  quantity  discharged  through  the  galvano- 
meter, then  hy  substituting  this  quantity  and  the  combined  values  of 
ay  by  Cy  sjid  ^,  to  which  R^  is  equal,  in  the  manner  shown  on  page 
584,  in  the  last  chapter,  we  shall  have 

If  in  making  the  test  it  is  found  necessary  to  employ  a  shunt  with 
the  galvanometer  when  taking  the  discharge,  then  if  the  value  of 
this  shunt  be  ^th,  we  must  multiply  the  observed  deflection  by  n  in 
order  to  obtain  Q, ;  also  the  value  of  g  in  the  above  equation  will 
be  ^th  of  the  actual  resistance  of  the  galvanometer. 

From  the  cubic  equation  [1]  R  has  now  to  be  determined  ;  this 
can  be  done  in  the  following  manner : — 

Dividing  each  side  by  (Lj  -  L)',  we  get 

/-  L  ■  Ry  .  8/L^R  Y  C  ^ 

VLi  -  L/   "^  2\Li  -  L/       2(Li  -  L)*  ~  " ' 

therefore 

/L-R    .  1\  _  8/L  -  R\  ^  1  C  _ 

therefore 

/L-  B  _  1\»  _  3/L_-_R  +  1\  +  1  ___  _^ Q. 
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that  is 

Now  this  equation  is  of  the  same  form  as  the  identity 
4  cos*  a  -8co8a-oo63a  =  0; 


if  then  we  pnt 


*^-l=«088a,  [S] 


we  shall  have 


(L,  -  L) 


L7--L  +  2°~"^ 


or 


that  is 


L  -  E  =  (Li  -  L)  (cos  a  -  i)  ; 

R  =  L  -  (Li  -  L)  (cos  a  -  4).  [4] 

2  C 

So  that  having  worked  out  the  nnmerical  value  of     =-^^  -  1, 

and  ascertained  in  a  table  of  cosines  to  what  angle  this  corresponds, 
then  the  cosine  of  ^^d  of  this  angle  gives  cos  a,  which  value  inserted 
in  equation  [4]  enables  the  value  of  R  to  be  obtained. 

For  example. 

In  localising  a  fault  by  the  foregoing  test,  the  two  arms  a  and  h 
of  the  bridge  were  made  100^  each,  and  balance  was  obtained  on  g 
when  c  was  adjusted  to  700* ;  therefore  L  =  700**. 

The  resistance  of  the  galvanometer  was  5000**,  but  when  the 
discharge  was  noted  on  it  the  -j^th  shunt  was  inserted,  so  that 
^=^000^5^-. 
^         10 

The  dischai^e  deflection  observed  on  depressing  tlie  key  was 
350  divisions ;  therefore  Q,  =  388  x  10  =  8380.  The  discharge 
deflection  Q,  obtained  from  a  condenser  of  1  microfarad  capadtj 
(F)  charged  to  the  potential  Y  was  106  divisions  with  the  ^^^ 
shunt ;  therefore  Q,  =  106  x  10  =  1060.  The  capacity /of  such  a 
length  of  the  cable  as  would  have  a  conductor  resistance  of  1" 
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was  *03  microfarad ;  lastly,  the  total  condactor  resistance  L^  of  the 
cable  when  sound  was  1100*.    Thus  we  have 


a 

= 

100 

b 

= 

100 

9 

=r 

500 

e  . 

=s 

700 

L 

= 

700 

L, 

= 

1100 

Q^ 

^ 

1060 

Q. 

=s 

8880 

F 

= 

1 

/ 

= 

•08 

then 

Q^  8  X  8880  X  1  [500  (100  4-  100)  4-  100  (100  +  700)]  700 

100  X  1060  X  -08 

-  7008  =  401,770,000  -  848,000,000  =  58,770,000 ; 
therefore 

2  0  1        2  X  58,770,000      .       .  ^o.^      ^^„  ^  „ 

(LT^TL?  -  ^  =    (TlOO- 700)3  -  ^  =    ^^^^  =  ^«  '  ^ 


therefore 


=  cos  of  38**  18' 
88''  18' 


I  A' 


a  =  -3—  =  ir  4', 

the  cosine  of  which  is  *9814  ;  therefore 

R  =  700  -  (1100  -  700)  (-9814  -  4)  =  507", 

which  gives  the  distance  of  the  fault. 

617.  It  maj  be  remarked  that  the  foregoing  test  is  an  excellent 
example  of  one  of  those  rare  cases  in  which  the  solution  of  an  equation 
of  the  third  degree  is  practically  required,  and  in  which  the  applica- 
tion of  trigonometrical  formulas  for  the  purpose  is  useful.  * 

618.  Now  the  cosine  of  an  angle  can  never  exceed  1,  and  it  will 

2  0 
sometimes  be  found,  on  working  out  the  value  of =-^  -  1, 

that  its  value  will  exceed  unity  ;  consequently  in  such  a  case  R 
cannot  be  determined  by  the  help  of  a  cosine  table,  but  some  other 
method  must  be  adopted.     Let  us  determine  this  method. 

*  See  Todhunter's  Trigonometry,  Third  Edition,  Chapter  XVn.  page  202. 
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In  equation  [2]  (page  542)  let 

L  -  R       1  ^1 

Lr^rL+2=^-'4y' 

then 

4y»  +  3y+  —  +  —  -3y-  —  +  1- -- 0, 

^^     ^      4y     16y»        ^      4y  (L^  -  L)»      "' 


or 


^^6l?^l(^-(-LrT0-»)  =  « 


Let 


(L,  -  L) 
therefore 

K 


-    T.S»  -  1  =  K ; 


y«-fy  +  eV  =  0; 


a  quadratic  eqoation,  from  which  y^  can  be  determined  in  the  ordi- 
nary manner.    Thus 

*       4  '^       \8/      64      64 
therefore 

or 
and 

y  +  A  -  i{[K  +  -/K*  -~l]i  +  [K  +  VK«  -'i"]-n 

-  J  {[K  +  VK«~1]»  +  [K  -  VK«^n]»} ; 
80  that 
R  -  L(Li  -  L)i{[K  +  VK*~^]i  +  [K  -  VK«^:^]»  -  If, 
in  which 

and 
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For  example. 

In  making  the  test,  suppose  the  following  to  have  been  the 
numerical  values  of  the  different  quantities : — 

a  =  100 
h  =  100 
g  =  500 
c  =  900 
L  =  900 
Li  =  1100 
Q2  =  300 
%  =  1230 
F  =  1 
/    =     -03 

therefore 

Q  ^  3  X  1230  X  1  [500  (100  +  100)  +  100  (100  +  900)]  900 

100  X  300  X  -03 

-  900^  =  738,000,000  -  729,000,000  =  9,000,000 ; 

therefore 

^  __  2  X  9,000,000  _  ,  ^  ^.25  ^  1  _  ,.05  . 
^  "  (1100  -  900)3       1  -  ^  25  -  1  -  1  25  . 

therefore 

V^K2"-  1  =  V 1-252  -  i  =  -75 ; 

for  this  we  get 

R  =  900  -  (1100  -  900)  i  (2*  +  •5^-1) 

=  900  -  ^2^(1*2599  +  -7937  -  1)  =  795-. 

Localisation  of  Fault  when  Cable  is  Broken. 

619.  In  this  case,  referring  to  page  540,  the  quantity  discharged 
at  B  when  the  key  is  depressed  will  be  only  q^  instead  of  fi'i  +  ^2  5 
consequently  equation  [A],  on  the  same  page,  will  become 

Q  ^Qa/     R»  4-  3RV  +  3Rr2 
^      3F  '(Ri  +  R  +  r)(R  +  r)' 

or 

(R  ^Tf-i^  _3QF(R, +  R  +  r)(R+r)  . 

2  N 
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Hnd  putting 


we  get 


therefore 


R  4-  r  =  L,  and  r  =  L  -  R, 


L«-(L-R)»  =  i^^(^-»^^)^- 


therefore 


Q»/ 


(L  -  R)«  =  L«  -  3QF -(|^t_LLL  ; 


or 


R  =  L-^L.-»M(|^Lil)If; 


and  by  sabstitating  a,  b,  e,  g,  and  Q„  in  the  manner  shoirn  on 
page  534,  we  get 

R  =  L  -     '/l«  -  3 QTF  [?(«"+  b)  +  aib  +  c)]  L 
R      L     ^L        ^-^j-^^ 

For  example. 

In  localising  a  fracture  in  a  submarine  cable  bj  the  foregoing 
tset,  a  and  b  were  made  100**  each,  and  balance  was  obtained  on  ^ 
when  (;  was  adjusted  to  TOO**. 

The  resistance  of  the  galvanometer  was  5000**,  but  when  the 

discharge  was  noted,  the  ^th  shunt  was  inserted,  therefore  g  =  -r^ 

=  500*. 

The  discharge  deflection  observed  on  depressing  the  key  was  186 
divisions,  therefore  Q,  »  186  x  10  =  1860.  The  discharge  deflection 
Q2  obtained  from  a  condenser  of  1  microfarad  capacity  (F)  charged 
to  the  potential  V  was  120  divisions  with  the  ^^^th  shunt,  therefore 
Q2  =  120  X  10  =  1200.  The  capacity  /  of  such  a  length  of  the 
cable  as  would  have  a  conductor  resistance  of  1**  was  '03  micro- 
farad, then 


R  -  700  -  ^ 700«  -  ^^2  X  1200  X    osl^^^^^®®  "*■  ^^^ "^  ^^^^  +  ^^^^'^ 
=  700  -  629  =  171-. 
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620.  A  great  merit  in  the  forgoing  methods  of  testing  for  faults 
lies  in  the  fact  that  the  two  cable  measurements  can  be  made  almost 
simultaneously ;  thus  at  the  moment  balance  is  obtained  on  g^  by 
adjusting  e^  the  key  is  depressed,  and  the  discharge  deflection  Q,  noted 
on  the  galvanometer  g.  The  other  measurement,  viz.  that  from  the 
condenser,  can  be  made  at  leisure.  Thus  after  e  and  Q3  are  obtained, 
the  cable  must  be  disconnected  from  the  bridge,  and  a  resistance 
equal  to  e  connected  between  B  and  F,  the  potential  at  the  point  B 
will  then  still  be  Y,  and  further,  the  galvanometer  g  can  be  removed 
without  altering  this  potential ;  the  condenser  and  galvanometer  must 
then  be  joined  up  in  the  manner  shown  by  Fig.  173,  page  345.  The 
wires,  however,  which  in  the  latter  figure  are  shown  as  connected  to 
the  battery,  must  in  the  present  case  be  connected  to  the  points  B 
and  F,  Fig.  234  (page  538)  ;  then  the  discharge  obtained,  multiplied 
by  the  shunt  (if  one  is  employed),  gives  Qq. 

621.  Should  earth  currents  be  present  when  the  test  is  about 
to  be  made,  they  may  be  neutralised  in  the  manner  explained  in 
Chapter  IX.,  on  page  324,  §  343,  and  also  at  the  end  of  the  last 
chapter  (§  614,  page  536). 

622.  With  reference  to  the  forgoing  test  it  should  be  mentioned 
that  Mr.  J.  Oott  states  that  it  is  often  possible  to  increase  the 
resistance  of  the  fault  at  the  end  of  a  broken  cable  to  such  an  extent 
that  practically  the  whole  of  the  discharge  may  be  obtained  at  the 
nearer  end.  For  this  purpose  the  charging  battery  should  be  of  from 
7  to  10  volts  electromotive  force,  the  zinc  pole  being  connected  to 
earth ;  the  battery  should  be  applied  to  the  cable  for  some  time 
before  taking  the  discharge.  The  lower  the  resistance  of  the  galvano- 
meter consistent  with  a  sufficiently  high  figure  of  merit  (page  98), 
the  better,  as  must  be  obvious. 
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CHAPTER    XXY. 

OALVANOUETER    RESISTANCE. 

628.  Ths  qnestion  of  the  reaistance  a,  galvanometer  Bhoald  bave 
in  order  that  its  figure  of  merit  (page  98)  may  be  high,  involves 
seveml  points,  snch  as  the  shape  of  the  coil,  ^e  diameter  of  the 
wire,  etc.  The  determination  of  aU  these  points,  however,  wonld  be 
more  nsefal  for  the  parpoee  of  finding  what  are  the  most  economical 
conditions  under  which  a  galvanometer  can  be  made,  than  (what  is 
more  to  the  purpose  of  the  practical  electrician)  for  showing  bow  any 
particular  galvanometer  can  be  arranged  so  as  to  enable  a  specific 
test  to  be  made  with  accuracy. 

The  problem  which  presente  itself  in  the 
latter  case  is  as  follows :  Ha^'ing  gireu  a 
galvanometer  with  a  coil  of  a  certain  size, 
should  the  latter  be  wound  with  thin  or 
thick  wire  in  order  that  a  particular  t«st  may 
be  made  under  the  most  favourable  condi- 
tions ?  Or  supposing  the  coil  to  be  divided 
into  several  sectdons,  how  sbould  the  tatter 
be  conpled  np  ? 

Beferring  to  Fig.  235,  which  represents 
a  section  of  a  galvanometer  coil,  let  atten- 
tion be   directed  to  the  4  tarns  of  wire 
at  A.     If  these  4  turns  be  joined  up  in  one 
"^    coutinuons  length,  then  c^ling  the  reeist- 
*  "  f^  -'    ^QQQ  Qf  g^h  ijq^  4^  their  total  resistance  will 
be  4  X  4,  or  4*.     If,  however,  the  4  turns  be 
coupled  up  in  multiple,   then   their  joint 
""■  *"■  resistance  wiU  be  1. 

If  it  is  assumed  that  t^e  total  current 
flowing  is  constant,  then  in  the  case  whei«  the  4  wires  are  joined  up 
in  one  continuous  length,  the  current  makes  4  turns  round  the  needle 
of  the  galvanometer,  its  effect  will  therefore  be  equal  to  4 ;  but  in  the 
second  case,  where  the  turns  of  wire  are  coupled  up  in  multiple,  the 
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same  carrent  only  makes  1  turn  round  the  needle,  henoe  its  effect  can 
only  be  equal  to  1. 

If  instead  of  4  turns  there  are  9  turns,  then  the  relative  values  of 
the  resistances  when  joined  up  in  one  continuous  length,  and  when 
joined  up  in  multiple,  will  be  as  1  to  9  x  9,  or  9^  whilst  the 
relative  effect  of  the  current  on  the  galvanometer  needle  will  be  as 
1  to  9. 

In  the  first  case  then,  where  the  resistance  was  reduced  4^  times, 
the  effect  on  the  needle  was  only  reduced  4  times  ;  and  in  the  second 
case,  where  the  resistance  was  reduced  9^  times,  the  effect  was  only 
reduced  9  times  ;  or,  in  other  words,  the  effect  varied  directly  as  the 
square  root  of  the  resistance,  consequently  for  the  whole  of  the  gal- 
vanometer the  effect  varies  directly  as  the  square  root  of  its  resistance. 

If  the  4  wires  at  A  be  replaced  by  a  solid  wire  of  twice  their 
diameter,  then  this  wire  (shown  by  the  dotted  lines),  will  have  the 
same  resistance  as  these  4  wires  coupled  up  for  "  quantity,^'  and  its 
influence  on  the  magnetic  needle  will  be  very  nearly  the  same.  As  a 
matter  of  fact,  the  effect  will  be  rather  less,  in  consequence  of  the 
metal  being  differently  distributed  over  the  area  which  the  4  wires 
occupy.  But,  inasmuch  as  the  silk  covering  with  which  the  wires  are 
insulated  is  practically  of  the  same  thickness  for  large  as  for  small 
wires,  if  the  thick  wire  were  wound  on  the  coil,  the  sectional 
area  of  that  wire  would  actually  be  rather  larger  than  the  area  of 
the  small  wires  which  it  takes  the  place  of,  consequently  we  may 
without  any  considerable  error  say  that  the  effect  varies  directly  as 

624.  This  fact  enables  it  to  be  determined  what  should  be  the 
resistance  of  the  galvanometer  in  order  that  any  particular  test  may 
be  made  under  the  best  possible  conditions.  Take  the  case  of  the 
Wheatstone  Bridge. 

On  page  289  we  obtained  an  equation  which  gave  the  strength  of 
the  current  flowing  through  the  galvanometer  when  equilibrium  was 
very  nearly  produced,  viz. : — 

^  ^x(ad^  -  bx) 

^      {^(^*  +V)"+"a(t/  +  'X)}{r{d  +  x)  -k-diji  +  x)]' 

This  equation  may  be  written 


^6  = 


1 ^x(ad^  -  bx) 


\  a  +  x   ) 
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It  has  been  shown  that  the  effect  of  the  galvanometer  ooil  on 
the  needle  varies  directly  as  the  square  root  of  the  resistance  of  the 
former.  Its  effect  must  also  vary  directly  as  the  current  paaring 
through  the  coils,  consequently  the  total  effect  M  will  be 

where  k  is  a  constant  dependent  upon  the  shape  of  the  coil,  the 
magnetic  strength  of  the  needle,  etc. 

It  is  necessary  to  find  what  value  of  g  will  make  M  as  lairgt  as 
possible,  and  this  may  be  done,  since  K  x  is  constant  by  finding 
what  vdue  of  g  wUl  make 

as  imaXl  as  possible. 
Now 

and  this  will  be  made  a  minimum  by  making  ^  g  ^  ^ — a  minimum, 
that  is,  by  making 

therefore 

'fg  =  V  *,    or,    ^  =  * ; 

but 

jk  =  ^i^  +  ^) 
a  +  iP 

and  ^——^  is  the  same  as  i ,  -^  V, \  when  hx  =  a</,and 

a  ■\-  X  a  +  0  -^  a  -^  X 

this  expression  is  the  joint  resistance  of  the  resistances  on  either  side 
of  the  galvanometer ;  theoretically  therefore  we  should  make  g  equal 
to  this  quantity  if  we  wish  M  to  be  as  large  as  possible. 

This  rule,  however,  although  it  shows  what  value  g  should  have 
in  order  to  make  M  an  absolute  maximum,  is  one  which  cannot  well 
be  strictly  followed  out.  We  should  rather  seek  to  determine  to 
what  extent  the  exact  rule  may  be  departed  from  without  seriously 
diminishing  M. 
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Now  sappose  ^  to  be  n  times  A;,  then 


_    Vn*    ^  Tr^__    sjn    ^K 


M=    r^*",  X  Kk  =  -'^^*    X 


#c 


—  » 


for  an  absolute  Tna.xiTnnTn  n  =  1,  that  is 

M  =  ^  X  ?^. 

Sappose,  now,  g  be  made  nine  times  as  large  as  A;,  that  is,  make 
n  =  9,  then 

M=^^xA'L=  -L  x?^. 
9  +  1       JJc      8-8       VAj 

In  other  words,  although  g  is  mn^  times  as  great  as  it  should  be 
for  making  M  a  maximum,  jet  M  has  only  been  reduced  from  - 

down  to  --- .    Or,  to  put  it  in  another  way  :  supposing  we  were  mak- 

ing  a  bridge  test,  employing  a  galvanometer  of  the  exact  theoretical 
value  for  obtaining  a  maximum  deflection,  and  supposing  that  having 
nearly  obtained  equilibrium,  the  deflection  of  the  galvanometer 
needle  was  3*8  divisions,  then,  if  the  resistance  of  the  galvanometer 
had  been  9  times  the  theoretical  value,  the  deflection  would  only 
have  been  reduced  to  2  divisions. 

It  must  therefore  be  evident  that,  unless  we  employ  a  galvano- 
meter whose  resistance  very  much  exceeds  the  theoretical  value,  this 
resistance  will  practically  be  the  one  required.  If  it  is  necessary  to 
draw  a  limit,  we  may  say — avoid  making  the  resistance  more  than  10 
times  as  great  (or  as  small,  as  can  also  be  shown)  as  the  theoretical 
value. 

625.  It  will  be  found  that  in  all  tests  in  which  g  has  a  particular 
best  value,  an  equation  of  the  form 


M=-^^^-  x  K 
^  +  Aj 


K 


can  be  obtained,  h  in  fact  is  in  reality  the  resistance  external  to 
the  galvanometer,  so  that  we  have  simply  to  find  what  this  resistance 
is,  and  then  make  g  as  nearly  as  possible  equal  to  it. 
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CHAPTER    XXVI. 

SPECIFICATION  FOR  MANUFACTURE  OF  CABLE- 
SYSTEM  OF  TESTING  CABLE  DURING 
MANUFACTURE. 

626.  As  soon  as  the  laying  of  a  new  cable  has  been  decided  upon, 
and  the  route  which  it  is  to  take  has  been  selected,  etc.,  the  manu- 
facture is  commenced.  The  choice  of  the  types  of  cable  to  be  adopted, 
the  lengths  of  the  "  shore  ends,"  "  intermediate,"  and  "  deep  sea  " 
sections  are  purely  matters  of  experience  and  discretion  with  the 
engineers  in  charge  of  the  work,  and  no  satisfactory  rules  for  general 
guidance  can  be  laid  down. 

When  the  description  of  cable  has  been  settled  upon,  a  specifica- 
tion is  drawn  up,  of  which  the  following  is  a  general  specimen. 

627.  The -  Tblbgbaph  Company  aitd 

— -        Tblbqbaph  Works. 

Contract  Specification  for  the  manufacture  of  the  Submarine 

Telegraph  Cable  of  the Telegraph 

Company,  to  be  laid  between  the  coast  of ,  near 

_  ,  and  the  island  of . 

The  following  lengths  of  cable  will  be  required : — 

Actual  distance,  480  knots  (each  being  2029  yards),  or,  including 
10  per  cent,  slack,  *  528  knots. 

A.  Main  cable 500  knots 

B.  Intermediate  cable       11     „ 

C.  Shore-end  cable 17     „ 

*  The  amount  of  slack  required  will  vary  with  the  length  of  the  cable  and 
with  the  depth  of  water  in  which  it  is  laid. 
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Core. 

The  core  of  the  entire  length  of  cable  to  be  as  follows : — 

Conductor, — The  conductor  of  each  coil  to  be  formed  of  a  strand 
of  seven  copper  wires  aU  of  equal  diameter  and  of  a  total  weight 
of  107  lb.  per  nautical  mile,  and  shall  at  a  temperature  of  75*"  F.  have 
a  resistance  not  higher  than  11  *  145  standard  ohms  per  nautical  mile ; 
and  the  weight  per  knot  multiplied  by  the  resistance  per  knot  at 
75"  F.  shall  not  exceed  1192-6.  * 

Imulator  or  Dielectric, — The  conductor  of  each  coil  shall  be  in- 
sulated by  being  covered  with  three  alternate  layers  of  Chatterton's 
compound  and  gutta-percha,  beginning  with  a  layer  of  the  said  com- 
X)onnd,  and  no  more  compound  shall  be  used  than  may  be  necessary 
to  secure  adhesion  between  the  conductor  and  the  layers  of  gutta- 
percha. The  dielectric  on  the  conductor  of  each  coil  shall  weigh 
150  lb.  per  nautical  mile,  making  the  total  weight  of  the  conductor 
of  each  coil,  when  covered  with  the  dielectric,  257  lbs.  per  nautical 
mile. 

Inductive  Capacity. --The  inductive  capacity  of  each  coil  of  such 
insulated  conductor  shall  not  exceed  '  3888  microfarad  per  nautical 
mile,  and  this  shall  equally  apply  to  the  completed  cable. 

Labelling. — Each  coil  of  core  before  being  placed  in  the  tem- 
perature-tank for  testing  shall  be  carefully  labelled  with  the  exact 
length  of  conductor  and  the  exact  weight  of  copper  and  dielectric 
respectively  which  it  contains. 

Insulation  Resistance, — The  insulation  resistance  of  each  coil  of 
core,  after  such  coil  shall  have  been  kept  in  water  maintained  at  a 
temperature  of  75**  F.  for  not  less  than  24  consecutive  hours 
immediately  preceding  the  test,  shall  be  not  less  than  500  megohms 
per  nautical  mile,  when  tested  at  that  actual  temperature  and  after 
electrification  during  one  minute.  The  electrification  to  be  perfectly 
steady. 

Preservation, — The  core  during  manufacture  to  be  carefully 
protected  from  sun  and  heat,  and  kept  under  water. 

Joints, — Every  joint  to  be  tested  by  accumulation,  and  the 
leakage  from  any  joint  during  one  minute  not  to  be  more  than 
double  that  from  an  equal  length  of  the  perfect  core.  Notice  to 
be  given  to  the  inspecting  officer  of  the  company  when  a  joint  is 
about  to  be  made,  so  that  he  may  be  able  to  test  it. 

*  Corresponding  to  99  per  cent,  of  pure  copper ;  see  Table  II. 
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Servikg  and  Shbathikg. 

Main  Cable  A, 

Serving, — The  insulated  condnctor  to  be  served  with  the  best 
wet-tanned  Russian  hemp  to  receive  the  sheathing  as  specified,  and 
to  be  then  kept  in  tanned  water  and  not  allowed  to  be  out  of  water 
more  than  is  necessary  to  feed  the  closing  machine. 

Sheathing. — The  served  core  to  be  sheathed  with  fifteen  galvanised 
iron  wires,  each  '  120  of  an  inch  in  diameter. 

The  lay  to  be  10  inches,  no  loose  threads  of  hemp  to  be  nm 
through  the  closing  machine,  and  no  weld  in  any  one  iron  wire  to  be 
within  six  feet  ot  a  weld  in  any  other  wire.  The  sheathing  core  to 
be  finally  covered  with  three  coatings  of  an  approved  bituminous 
compound,  a  serving  of  tarred  yam  made  from  the  best  Russian  hemp 
being  placed  between  each  layer  of  compound,  each  serving  of  yarn 
being  laid  on  in  contrary  directions. 

Intermediate  Gable  B. 

Serving  to  be  similar  in  every  respect  to  that  on  the  Main 
Cable  A.  ' 

Sheathing  to  be  generally  similar  to  that  specified  for  the  Main 
Cable  A,  but  the  iron  covering  to  consist  of  ten  galvanised  iron  wires, 
each  *  180  of  an  inch  in  diameter.    The  lay  to  be  10  inches. 

Shore-end  Gable  G. 

The  shore-end  cable  to  consist  of  Cable  A  complete,  and  further 
well  served  with  the  best  wet-tanned  Russian  hemp,  and  then  sheathed 
with  twelve  galvanised  iron  wires,  '800  of  an  inch  in  diameter. 

The  lay  to  be  17  inches,  no  loose  threads  of  hemp  to  be  run 
through  the  closing  machine,  and  no  weld  in  any  one  iron  wire  to  be 
within  six  feet  of  a  weld  in  any  other  wire.  The  sheathed  core  to  be 
finally  covered  with  three  coatings  of  an  approved  bituminous  com- 
pound, a  serving  of  tarred  yam  made  from  the  best  Russian  long 
dressed  hemp  being  placed  between  each  layer  of  compound,  each 
serving  of  yam  being  laid  on  in  contrary  directions. 

The  completed  cable  as  fast  as  it  is  made,  to  be  passed  into  a 
tank  of  water  and  kept  covered  with  water  until  shipped.  A  correct 
indicator  to  be  attached  to  the  closing  machine,  and  the  length  of 
cable  to  be  marked  as  agreed. 
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Quality  of  Materials. 

The  wire  used  in  the  Main  Cable  A  to  be  of  the  best  qualitj  of 
homogeneooB  wire,  well  and  smoothly  galvanised,  and  having  a 
tensile  strength  of  50  tons  per  square  inch  area,  and  850  lb.  as  a 
minimnm  breaking  strain  on  a  length  of  12  inches  between  the 
olamps.  The  wire  must  elongate  not  less  than  f  per  cent,  before 
breaking.  It  shall  bend  round  itself  and  unbend  without  breaking. 
The  joints  in  the  homogeneous  wires  to  be  of  the  form  decided  upon 
by  the  company's  and  contractor's  engineers,  and,  as  far  as  practicable, 
no  one  joint  to  be  within  six  feet  of  any  other  joint. 

The  iron  wire  to  be  used  in  Cables  B  and  C  is  to  be  of  the 
quality  known  as  Best  Best,  free  from  inequalities,  w  11  and  smoothly 
galvanised,  and  annealed,  and  having  a  tensile  strength  of  25  tons 
per  square  inch  of  area.  A  margin  of  5  per  cent,  will  be  allowed  in 
weight,  provided  the  average  weight  is  as  specified  above.  The  wire 
for  Cables  B  and  C  to  be  capable  of  being  bent  round  a  cylinder  four 
times  its  own  diameter  and  unbent  without  breaking.  No  wire  of 
brittle  quality  shall  be  put  into  the  cables,  and  the  engineers  or  their 
assistants  shall  have  power  to  reject  any  hanks  which  break  frequently 
in  the  closing  machine,  or  are  of  unsatisfactory  quality.  No  weld  shall 
be  made  in  the  B  and  C  cables  within  six  feet  of  any  other  weld. 

The  galvanising  of  the  iron  to  bear  four  dips  of  one  minute  each 
in  a  solution  of  one  part  by  weight  of  sulphate  of  copper  and  five 
parts  of  water. 

Before  being  used  for  the  sheathing  of  the  cable,  the  wire  shall 
be  heated  in  a  kiln  or  oven  just  sufficient  to  drive  off  all  moisture, 
and  whilst  warm  shall  be  dipped  into  pure  hot  gas-tar  (freed  from 
naphtha).  The  wire  so  dipped  shall  not  be  used  for  sheathing  the 
cable  until  the  coating  of  gas-tar  is  thoroughly  set. 

Each  intermediate  cable  to  be  finished  off  with  suitable  tapers  to 
be  arranged  to  the  satisfaction  of  the  engineer  of  the  company. 

Testing  Accommodation. 

A  proper  room  and  all  necessary  batteries  and  leading  wires  to  be 
provided  for  testing  the  cable  during  the  whole  manufacture. 

Inspection. 

The  engineer  of  the  company  or  his  agents  to  have  access  to  the 
works  for  inspecting  and  testing  cable  and  all  materials  employed, 
and  he,  or  his  agents,  may  reject  all  materials  which  are  unsatisfactory. 
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Penalty. 

The  whole  of  the  cable  to  be  completed  on  or  before  the  time 

stated  in  the  tender  nnder  a  penalty  of per  cent. 

on  the  price  for  each  day,  or  fraction  of  a  day,  after  the  said  time 
until  the  day  the  cable  may  be  actually  completed  and  readj  for 
shipment. 

The  manofactore  may  not  be  carried  on  at  night  without  the 
written  consent  of  the  engineer  of  the  company  or  his  agent. 

The  cable  ship  or  ships  are  not  to  leave  the  wharf  with  cable  on 
board  until  the  cable  has  been  thoroughly  tested  in  all  respects,  bj 
the  engineers,  or  their  assistants,  from  the  shore,  and  ample  time 
after  the  shipment  of  the  last  mile  to  be  allowed  for  this  purpose. 


Ststem  of  Testing  Gable  dubino  Manufagtuke. 

628.  The  tests  made  by  the  cable  manufacturers,  although 
systematic,  are  not  as  a  rule  quite  so  exact  or  lengthy  as  those  made 
by  the  electrician  representing  the  company  for  whom  the  cable  is 
being  made.  The  cable  once  manufactured,  passes  out  of  the  hands 
of  the  manufacturer,  and  the  latter  has  no  further  interest  in  the 
matter  ;  whereas  the  company  may  require  at  any  time  to  localise  a 
fault,  and  the  more  precise  the  data  they  possess  the  more  closely  will 
they  be  able  to  determine  the  position  of  the  defect  Besides,  when 
a  lai^e  number  of  cables  are  being  made  at  once  at  the  factoiy  it 
would  be  impossible,  without  a  very  large  staff,  to  make  an  elaborate 
series  of  tests  for  each  cable  ;  whereas  these  can  easily  be  made  by  the 
electrician  and  his  assistants  when  there  is  only  one  cable  to  look 
after. 

The  methods  of  working  out  the  tests,  and  the  forms  employed 
for  entering  up  the  same,  depend  upon  the  individual  opinion  of 
the  electrician  in  charge  of  the  work,  but  the  f  oUowing  will  give  a 
general  idea  of  the  course  to  be  pursued  : — 

Tests  of  the  Coils. 

629.  The  core  of  the  cable  is  usually  made  in  2-knot  lengths 
approximately,  which  are  coiled  upon  wooden  drums  as  manufactured, 
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and  then  placed  in  tanks  of  water,  heated  to  a  temperature  of  75**  F., 
to  be  tested.* 

After  being  placed  in  the  tank,  the  coils  should  remain  there  for 
at  least  twenty-four  hours,  so  that  they  may  acquire  throughout  their 
mass  the  necessary  uniform  temperature.  At  the  end  of  this  time  the 
tests  may  be  taken. 

Sheets  A,  B,  C,  and  D  are  employed  for  entering  all  the  details  of 
the  tests  as  they  are  made.  The  working  out  of  the  tests  of  the  coils 
(and  cable)  is  shown  on  corresponding  pages. 

The  figures  given  are  such  as  are  often  obtained  in  actual  practice. 
The  insulation  resistances  of  the  coils  are  very  often  considerably 
higher  than  those  shown,  but  this  depends  upon  the  time  which 
elapses  after  the  manufacture,  and  also  upon  the  quality  of  the  gutta- 
percha. 

*  At  the  works  of  Messrs.  Siemens  &  Co.,  Charlton,  the  coIIh  are  tested  at  two 
differeDt  temperatures,  viz.  at  75*'  and  50°  F. 
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Calculations  for  Sheet  (A). 


April  drd. 


Copper, 


No,  1  Coil, 


log        213  = 
log  1*9946  = 


2-:j283796 
•2998558 


2-0285238 
=  log  of  106-79 


No,  2  Coil. 

log        214  =       2*3304138 
log  2  0074=         -3026339 

2  0277799 
=  log  of  106*60 


No.  3  CoU. 

Ab.4CotL 

log        215  =       2-3324385 
log  2*0069  =         -3025257 

log        214  =       2-3304138 
log  1-9990=         -3008128 

2-0299128 
=  log  of  107-13 

2*0296010 
=  log  of  107*05 

No, 

5  CoU. 

log        212 
log  1-9990 

=       2*3263359 
•3008128 

2  0255231 
=  log  of  106*05 

Outta-percha, 

No.  1  CoU. 

No,  2  Coil. 

log        298  =       2-4742163 
log  1*9946=         -2998558 

log        302  =       2-4800069 
log  2  0074=         -3026339 

2- 1743605 
=  log  of  149-40 

2  1773780 
=  log  of  150-44 

No.  3  CoU. 


log       304  = 
log  2*0069  = 


2-4828736 
•3025257 


2-1803479 
=  log  of  151-48 


No.  4  Coil 


log       299  = 
log  1-9990  = 


2-4756712 
-3008128 


2-1748584 
=  log  of  149-57 


No.  5  CoU. 

log       296=       2-4712917 
log  1*9990=         -3008128 

2-0174789 
=  log  of  148*07 
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Calculations  for  Sheet  (B). 

Conductor  Resistance, 

No,  1  Coil. 

log    22  10      =1-3443923 
log      1*9946=    '2998558 

1  -0445365  =  log  of  11-08 
log  106*79      =  2-0285288 

3  0730603  =  log  of  1183-2 
=  99-8  per  cent,  pure  copper  * 

No.  2  Coil 

log    22*02      =  1*3428173 
log      2*0074  =     *  3026339 

1  - 0401834  =  log  of  10-97 
log  106*60      =2*0277799 

3-0679633  =  log  of  1169*4 

=  100*9  per  cent,  pure  copper  * 

No,  3  Coil. 

log    22*05      =  1-3434086 
log      2-0069  =    -3025257 

1  -0408829  =  log  of  10*99 
log  107-13      =  2-0299128 

3  0707957  =  log  of  1177*1 

=  100*3  per  cent  pure  copper  * 

No,  4  CoU, 

log    22-20^  =  1*3468530 
log      1*9990=     -3008128 

1  0455402  =  log  of  11-10 
log  107*05      =  2*0296010 

30751412  =  log  of  1188-9 
=  99  ■  3  per  cent,  pure  copper  * 

No.  5  Coil, 

log    22*36      =  1-3494718 
log      1*9990=    *3008128 

1  *  0486590  =  log  of  1118 
log  106-05      =  2  - 0255231 

3*0741821  =  log  of  1186*3 
=  99-5  per  cent,  pure  copper  * 


April  Srd. 


*  Table  II.    See  also  page  496,  §  568. 

2  0 
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Calculations  for  Sheet  (C). 

April  drd. 

Inductive  Capacity, 

log  3=  -4771213 
log  1510  =  8-1789769 
log   330  =  2-5185139 


G  +  8  _  5460  +  330  _  5790 

6-1746121  S       330     830 

log  5790  =  3-7626786 

2-4119835 

No.  1  CM. 

log  167-5       =2-2240148 

2-4119685 


1-8120813  =  log  of   6488 
log      1-9946=    -2998558 

1-5122255  =  log  of -3253 

No.  2  Ooa. 

log  169*5   =  2-2291697 

2-4119335 


1-8172362  =  log  of -6565 
log     2-0074=    -3026339 

1-5146023  =  log  of  -3270 

No.  3  Ooil 

log  169-5        =2-2291697 

2-4119835 


1-8172362  =  log  of -6565 
log     2  0069=    -3025257 

•5147105  =  log  of -3271 

No.  4  CoH, 

log  171-5        =2*2342641 

2-4119335 

i-8223306  =  log  of  -6642 
log     1-9990=    -3008128 

1-5215178  =  log  of -8328 
No.hCoO. 

log  168-5        =2-2265999 

2-4119335 


f-8146664  =  log  of  -6526 
log     1-9990=    -8008128 


i-5138686  =  logof-8265 

2  0  2 
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Calculations  for  Sheet  (D). 
Insulation  Resistance. 

log  152,000  =  5-1818486 
log  4000  =  8-6020600 

5460  +  4000  _  9460 

8-7839036  4000    ""  4000 

log  9460  =  3-9758911 

4-8080125  =  log  of  64271 

No,  1  CoU. 

4-8080125 
log  148  =  2- 1702617 

2-6377508  =  log  of  434*3 
log  1  •  9946  =    •  2998558 

2-9376066  =  log  of  866-2 

No,  2  (ha. 

4-8080125 
10^142  =  2-1522888 

2-6557242  =  logof452-6 
log  2-0074=    -3026339 

2-9583581  =  log  of  908-6 

N0.  3  CoO. 

4-8080125 
log  144-5    =2-1598678 

2-6481447=  log  of  444-8 
log  2-0069=    -3025257 

2-9506704  =  log  of892-6 

yo.  4  ChiL 

4-8080125 
log  140-5    =2-1476768 

2-6603362  =  log  of  457-4 
log  1*9990=    -8008128 

2-9611490  =  log  of  914-4 

No,  5  CMl, 

4-8080125 
log  138  =  2*1398791 

2-6681334  =  log  of465-7 
log  1*9990=    -8008128 

2-9689462  =  lo^  of  931*0 
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Calculations  fob  Sheet  (D) — continued. 
Percentage  of  Electrification. 


No,  1  CSm'Z. 

No.2Co(L 

148 
139 

142 
182 

log      9-    -9542425 
log  100  =  2-0000000 

log    10  =  10000000 
log  100  =  20000000 

2-9542425 
log  148  =  2-1702617 

3-0000000 
log  142  -  2*1522888 

•7839808 
=  log  of  6-08 

•8477117 
=  log  of  7-42 

No.  8  Coa. 

No.  4  Coil 

144-5 
136 

140-5 
138-5 

log      8-5=    -9030900 
log  100      =  20000000 

log      7-0=    -8450980 
log  100      =  2-0000000 

2-9030900 
log  144-5  =  21598678 

2-8450980 
log  140-5  =  2-1476763 

•7482222 
=  log  of  5-54 

•6974217 
=  log  of  4-98 

• 

No.  5  OoU. 

] 
] 

138 
129-5 

log      8*5  =    -9080900 
log  100      =  2-0000000 

2-9030900 
log  138      =2-1898791 

•7631209 
=  log  of  5-80 
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Tests  of  the  Gable. 

680.  As  soon  as  one  or  more  coils  have  been  tested,  the  manu- 
facture of  the  cable  is  commenced  ;  and  as  each  coil  is  passed  through 
the  covering  or  ''  closing  *'  machine,  another  is  jointed  on,  the  joint 
being  made  at  such  a  time  that  at  least  twenty-four  hours  can  elapse 
between  the  making  and  testing  of  the  same.  To  ensure  this  neces- 
sary time  to  intervene,  as  soon  as  one  joint  is  passed  through  the 
closing  machine  the  next  should  be  made,  so  that  there  is  a  length  of 
two  knots  of  coil  to  be  sheathed  before  the  new  joint  is  reached. 

The  system  of  testing  joints  has  been  described  in  Chapter 
XIX.  A  form  for  entering  the  results  of  the  tests  is  shown  by 
Sheet  E. 

In  making  a  joint  it  is  necessary  to  cut  off  a  certain  length  from 
each  coil.  The  amount  of  this  length  varies  according  to  circum- 
stances, but  it  is  seldom  more  than  a  few  yards. 

The  order  in  which  the  coils  are  jointed  together  does  not  always 
correspond  to  the  order  in  which  they  are  tested  at  75",  and  therefore 
it  is  necessity  to  note  down  their  consecutive  order  in  a  column  pro- 
vided on  the  test  sheets  for  the  purpose.  In  the  case  of  a  fault 
occurring  in  the  cable,  this  information  is  of  use  in  enabling  an 
accurate  measurement  to  be  made. 

Sheets  F,  G,  H,  I,  and  J,  show  the  system  of  entering  the  tests  as 
they  are  taken  each  day.  The  method  of  working  out  and  entering 
the  results  will  be  understood  from  the  examples  given. 

Sheet  J  shows  the  values  which  the  insulation,  etc.,  of  the  cable 
would  have  if  no  change  took  place  during  the  course  of  manufacture  ; 
the  insulation  values,  therefore,  compared  with  the  measured  results 
during  manufacture,  indicate  whether  (as  should  be  the  case)  the 
insulation  is  improving.  The  conductor  resistance  values  are  used  for 
the  purpose  of  calculating  the  temperature  of  the  cable  (page  515,  §  596). 

With  reference  to  the  4th,  5th,  6th,  and  7th  columns  on  Sheet  J, 
as  has  been  explained  on  page  284,  §  803,  the  joint  insulation  resist- 
ance of  a  number  of  wires  is  equal  to  the  reciprocal  of  the  sum  of  the 
reciprocals  of  their  respective  insulation  resistances.  The  5th  column 
contains,  therefore,  the  reciprocals*  of  the  values  in  the  4th  column. 
These  reciprocals  are  added  together,  and  the  results  noted  in  the  6th 
column  :  the  reciprocals  of  these  numbers  give  the  values  in  the 
7th  column. 

681.  When  a  cable  is  of  considerable  length  it  is  usual,  in  order 

*  These  are  best  obtained  from  tables  (Barlow's  are  generally  i]8ed> 
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to  save  time,  to  manufacture  the  same  in  several  lengths  or  *'  sections,"' 
so  that  several  machines  can  be  running  at  the  same  time.  When 
the  sections  are  completed  they  are  spliced  together  so  as  to  form  one 
continuous  length.  The  examples  of  tests  given  represent  the  tea^ 
of  one  section  of  the  Main  Cable. 

Final  TesU. 

632.  On  the  completion  of  the  cable  special  tests  for  insulatioii 

(page  445,  §  495)  are  made. 

The  general  method  of  recording  these  special  insulation  and  other 
tests,  is  shown  on  page  577,  by  Sheet  E. 

688.  In  the  case  of  a  cable  whose  core  is  insulated  with  gutta-peiclui 
the  insulation  goes  on  improving  during  the  course  of  manufactore. 
so  that  the  final  test  will  show  (or  ought  to  show)  the  ^^  Resisttmce 
per  knot  reduced  to  75°  ^'  (see  bottom  of  Sheet  E)  to  be  greater  than 
the  ''  Estimated  resistance  per  knot  from  tests  of  coils  at  75** ""  (Sheet 
J,  col.  8,  and  bottom  of  Sheet  E).  This,  however,  it  should  be 
mentioned,  is  not  the  case  when  the  core  employed  is  insulated  with 
india-rubber  ;  in  this  case  the  insulation  almost  always  (if  not  always) 
falls  to  some  extent  as  the  manufacture  proceeds,  and  this  fall  must 
not  be  assumed  to  be  an  indication  of  any  deterioration  taking  place. 

684.  Most  of  the  calculations  can  be  done  with  great  fadlity 
and  advantage  by  means  of  a  "  Puller's "  slide-rule,  instead  of  by 
logarithms,  as  in  the  examples  given. 
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Part  op  Calculations  for  Sheet  (F). 
Length  Manufactured, 

log  1404       =31473671 
log    274*25  =  2-4381466 

5-9926 
•7092205  =  log  of  5-1194 

•8732 


Part  of  Calculations  for  Sheet  (6), 
Estimated  Temperature. 

log  66  26=  1-8212514 
log  63*90=  1-8055009 


•  01 57505.  =  log  of  1  •  0369 
=  coeff.  for  58J°  ♦ 


Part  of  CALcxHiATioNS  for  Sheet  (H). 
Inductive  Capacity. 

log       3=    -4771213 

log  1520=  8*  1818436 

log    100  =  20000000 

G  +  S      5460  +  100       5560 

5-6589649  8"=  loo        =   loO" 

log  5560  =3-7-150748 

1-9138901 

log  159-5  =  2-2027607 
1-9138901 


•2888706  =  log  of  1-9448 
log  5-9926=     -7776153 


7-5112553  =  log  of -3245 


*  Table  IV. 
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Part  of  Calculations  for  Sheet  (H) — earUinued. 

Percentcu/e  of  Loss. 


4 

159-5 
129 

log 

30-5  = 

:  1-4842998 

log 

100      = 

2-0000000 

log 

lo9o  = 

»• 4842998 
2-2027607 

1-2815391  =  lo^^of  19  1 

Part  of  Calculations  for  Sheet  (I).] 
Insulation  Resistame, 

April  %ih. 
log        152,000  =  51818436 
log  8000  =  3  •  9080900  5460  +  8000  _  13460 

9-0849336  ^^^  "  ^^^ 

log  13460  =  41290451 

4-9558885  =  log  of  90,342 
log  154  =  21875207 

2-7683678 
log  ooeff.*  58^°  =     •  5448531 

2-2235147  =  log  of  167 -3 
log  5-9926=.    -7776153 

3-0011300  =  log  of  1003 


♦Table  VI. 
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The 


(K) 


Telegraph  Company, 


Maitutaotube  of 


BuBHABiKE  Cable  at. 


Length,  40 '  32  knots. 


Total 
olMrved 

438 -93  ohms 


Cable  Wobks. 

Section  A. — ^Maie  Cable. 
Final  Test. 


Conductor  Resistance. 


Temperatare 


May  3rd,  1907. 


Total  of  Ooils  

»i'«^"  ""ObserTed  GalcalatatT 

447-55  ohms      61}''  Fahr.       ei""  Fahr. 


Fw  MUe  fkom 
OoUs  at  T5° 

1110 


I  m.£  Cod 
aeoaer 


Dis. 


Inductive  Capacity. 

Gable 


FWceDtage 
of  Locs 


Total 


Per  Knot 


Immediate  Alter  l  mln. 

151  X  10  162  X  ^^^^  t  ^^    1*4  X  ^-^  -  11-1  13-196  m.f.   -3278  m.f. 

15  15 


Insulation  Resistance. 

Ckmitant.    Battery  800  Leolanoh^.    G  =  5520. 
Battery  through  1  megohm,    S  =  xiAnr*    ^^0  def. 


S.  on  Cable,  650  ohms. 


Time 

Zinc  to  Line 

Earth  Reading 
82 

Copper  to  Line 
800 

Earth  Reading 

After  1  min. 

267 

66 

f»     2    „  • 

283 

53 

264 

40 

>»     *>    »♦ 

219 

42 

250 

28 

n      4      „ 

213 

85 

241 

22 

M        5      ,, 

207 

80 

234 

18 

»»     6    „ 

204 

229 

»>      •     »♦ 

201 

225 

M          O        »» 

199 

222 

»»          y        »» 

197 

218 

„   10    „ 

195 

215 

„   11    „ 

198 

212 

„   12     „ 

191 

210 

»t   .1°      n 

139 

208 

„   14    „ 

188 

206 

w     15      „ 

187 

205 

All  readings  steady. 

Resistance  per  knot— at  normal ) 

temp,  at   end  of  let   min.  V     3500  megs. 

Zinc  to  Line ) 

Do.  redooed  to  TS**     ....        1207 
Do.  tnm  tests  of  Coils  at  76<>    .         888 


»> 


Percentage  of  Electrifloatlon ) 
between  let  and  3nd  min.  ) 
Do.  lit  and  15th  min.    .     • 


Signature 


Zinc  to    Copper 
Line     to  Una 


18*1 
48-5 


ia*5 

48*5 


2  p 
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APPENDIX. 


CHAPTER    XXVII. 

ELECTRICAL    UNIT8. 

685.  Thb  values  of  the  electrical  imitB  as  defined  by  the  Board 
of  Trade,  are  as  follows : — 

1.  The  Ohnij  which  has  the  valne  10^  in  terms  of  the  centimetie 
and  the  second  of  time,  and  is  represented  by  the  resistance  offered 
to  an  unvarying  electric  carrent  by  a  column  of  mercury  at  the 
temperature  of  melting  ice,  14*4521  granmies  in  mass,  of  a  constant 
cross  sectional  area,  and  of  a  length  of  106 '  8  centimetres. 

2.  The  Ang^erBy  which  has  the  value  ^V''^  ^  terms  of  the 
centimetre,  the  gramme,  and  the  second  of  time,  and  which  is 
represented  by  the  unvarying  electric  current  which,  when  passed 
through  a  solution  of  nitrate  of  silver  in  water  in  accordance  with 
the  specification,  deposits  silver  at  the  rate  of  0*001118  of  a  gramme 
per  second. 

3.  The  VoUy  which  has  the  value  10^  in  terms  of  the  centimetre, 
the  granune,  and  the  second  of  time,  being  the  electrical  pressure 
that  if  steadily  applied  to  a  conductor  whose  resistance  is  1  ohm 
will  produce  a  current  of  1  ampere,  and  which  is  represented  by 
*6974  (HSf)  of  ^^^  electrical  pressure  at  a  temperature  of  15*  C. 
between  the  poles  of  the  voltaic  cell  known  as  Clark's  cell  set  up 
in  accordance  with  the  specification  (see  page  179). 

Specification  fob  the  Practical  Application  of  the 
Definition  of  the  International  Axpere. 

iFram  ihe  NaUtmal  PJ^fiool  Xoftoralory .) 

In  the  following  ■peoiflontion  the  term  sUver  Toltameter  (or  ooolometer) 
mennB  the  nmngement  of  appftntos  by  means  of  whieh  an  electric  coneDt  ii 
paned  through  a  aolntion  of  alyer  nitrate  in  water.  The  ailTer  voltameter 
meaeorei  the  total  eleotrioal  quantity  which  haa  pa  wind  dazing  the  time  of  the 
experiment,  and  hy  noting  thia  time  the  time  aTemge  of  the  ourrent,  or,  if  the 
enzrent  has  been  kept  constant,  the  current  itself  oan  be  deduced. 

In  employing  the  silTer  ^tametar  to  measuze  ouzients  of  about  1  ampere, 
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the  following  arrangements  should  be  adopted:  The  cathode  on  which  the 
silver  is  to  he  deposited  should  take  the  form  of  a  platinum  bowl  about  10  centi- 
metres in  diameter  and  7  centimetres  in  depth.  The  mass  of  the  bowl  is 
conyeniently  about  80  grammes. 

The  anode  should  be  a  plate  or  disk  of  pure  silver  coated  with  a  deposit  of 
electrolytic  silyer,  the  mass  of  the  latter  being  about  50  per  cent,  greater  than 
the  mass  of  silyer  to  be  deposited  on  the  cathode.  The  plate  or  disk  of  siWer 
should  be  of  about  6  centimetres  edge  (or  diameter)  and  3  or  4  millimetres  in 
thickness.  Its  total  area  will  thus  approximate  to  60  Bquare  centimetres.  The 
anode  should  be  supported  horissontaUy  in  the  liquid  near  the  top  of  the  solu- 
tion by  a  silyer  rod  riyeted  through  its  centre.  To  prevent  the  disintegrated 
-  silver  which  is  formed  on  the  anode  from  falling  upon  the  cathode  the  anode 
should  be  inserted  into  a  cup  of  filter  paper  separately  supported. 

The  liquid  should  consist  of  a  neutral  solutiou  of  pore  silver  nitrate,  con- 
taining about  15  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes. 
To  prevent  these  changes  having  too  great  an  effect  on  the  current,  some 
resistance  besides  that  of  the  voltameter  should  be  inserted  in  the  circuit.  If 
the  value  of  the  current  is  desired  and  the  measurement  is  one  of  high  precision, 
this  external  resistance  should  be  from  50  to  100  ohms ;  in  other  cases  the  resist- 
ance should  not  be  less  than  10  olims. 

Method  of  making  a  Mbasubbmbmt. 

1.  The  SoUUion, — The  silver  nitrate  should  be  purchased  as  pure  and  re- 
crystallised  twice;  the  recrystallisation  is  preferably  done  by  evaporating  a 
saturated  solution  in  a  flask  over  a  water  bath.  The  mother  liquor  should  be 
drained  away  and  the  crystals  dissolved  in  pure  freshly  distilled  water.  Pro- 
longed contact  of  the  crystals  or  of  the  solution  with  impure  air  must  be  avoided. 
The  solution  should  be  neutral  to  sensitive  litmus  paper. 

If  the  silver  nitrate  is  recovertrd  from  much  used  or  contaminated  solutions, 
or  from  an  acid  solution,  the  recovered  salt  should  be  fused  (preferably  in  an 
electric  oven)  and  afterwards  dissolved,  and  the  solution  filtered  before  the 
recrystallisation  processes ;  otherwise  it  may  be  necessary  to  recrystallise  more 
than  twice. 

During  electrolysis  in  the  voltameter  herein  specified  the  silver  nitrate 
solution  does  not  change  in  composition  oi  a  result  of  the  eleotrolyHi  by  an 
amount  which  is  detectable  by  any  tried  means,  but,  owing  to  the  presence  of 
impurities  in  the  atmosphere,  the  solution  should  not  be  used  more  than  once 
if  great  accuracy  is  desired. 

2.  The  Anode.^The  anode  should  be  prepared  by  cleaning  the  silver  plate 
or  disk  with  sandpaper  or  a  scratch-brush.  It  should  be  washed  with  distilled 
water  and  supported  so  as  to  form  the  cathode  of  a  silver  voltameter.  The  anode 
of  this  latter  should  be  a  silver  bowl  or  a  platinum  bowl  coated  with  silver, 
and  the  liquid  should  be  a  15  per  cent,  solution  of  silver  nitrate  in  water;  this 
solution  need  not  be  specially  pure.  If  the  anode  bowl  is  of  platinum  coated 
with  silver  and  of  the  dimensions  already  specified,  it  is  convenient  to  employ 
about  350  cubic  centimetres  of  the  solution  and  support  the  silver  plate  or  disk 
horizontally  in  the  liquid  near  the  top  of  the  solution.  A  convenient  current 
for  depositing  silver  on  the  plate  is  0*3  ampere.  The  plate  ia  washed  with 
distilled  water  and  dried  in  an  electric  oven. 

2  P  2 
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The  cup  of  filter  paper  should  be  about  5  centimetres  deep  and  of  a  diameter 
a  little  greater  than  that  of  the  silver  plate.  It  is  made  by  folding  a  large 
filter  paper  (auoh  as  Bohleicher  &  SoliuU  No.  595,  24  om.  diameter)  over  a  glaw 
cylinder  (such  as  a  bottle)  of  appropriate  diameter  and  seoniing  the  upper 
portions  of  the  folds  of  the  paper  with  sealing  wax  or  with  platinum  wire.  The 
cylinder  is  remoTed,  and  that  portion  of  the  paper  which  is  above  the  seals  ii 
out  away.  The  upper  parts  of  the  internal  folds  are  also  secured  with  sealing 
wax  or  with  platinum  wire. 

3.  The  Cathode.—The  platinum  bowl  should  be  cleaned  with  a  strong  solu- 
tiou  of  sodium  hydrate,  followed  by  washings  with  water,  strong  nitric  acid  and 
distillerl  water.  It  is  then  made  the  anode  of  a  silver  voltameter,  the  liquid 
being  a  15  per  cent,  solution  of  silver  nitrate  (an  impure  solution  serves)  having 
a  volume  of  about  850  cubic  centimetres.  The  cathode  should  be  a  clean  silver 
plate  supported  near  the  top  of  the  solution.  With  a  current  of  about  1  ampere 
the  circuit  should  be  completed  for  10  minutos  at  least,  after  which  the  cathode 
and  liquid  are  removed  from  the  bowl.  The  bowl  is  washed  with  water,  and 
afterwards  cleaned  with  strong  nitric  acid ;  washings  with  distilled  water,  stmog 
nitric  acid,  and  distilled  water  follow  in  the  order  named,  and  the  bowl  is  drie^i 
in  an  electric  oven  at  about  a  temperature  of  160°  C.  It  is  removed  to  a  desic- 
cator, and  when  thoroughly  cool  it  is  weighed.  A  bowl  of  similar  sixe  and  of 
approximately  the  same  mass  is  cunvenient  as  a  counterpoise. 

4.  The  Oireuii. — The  platinum  bowl  is  placed  in  position  in  the  intende>l 
circuit,  and  800  cubic  centimetres  of  the  solution  of  silver  nitrate  are  placed  in 
it  The  anode  is  placed  inside  the  filter  paper  cup  and  the  latter  suspended 
by  platinum  wires,  whidi  are  insulated  from  the  anode  and  from  the  rest  of  the 
circuit.  The  anode  and  filter  paper  cup  are  supported  so  that  the  sUver  plate 
or  disk  is  €x>vered  by  the  solution ;  the  oonnections  to  the  remainder  of  the 
circuit  are  then  made.  Contact  is  made  at  a  key,  and  the  time  noted.  The 
current  is  allowed  to  pasn  for  an  interval  depending  on  the  precision  desiied. 
and  the  time  of  breaking  contact  must  be  observed.  For  measurements  of  high 
precision,  from  7  to  10  grammes  uf  silver  should  be  deposited.  During  the 
passage  of  the  current  the  voltameter  should  be  covered  over,  to  exclude  light 

5.  Deposit  of  Stiver. — The  solution  is  removed  from  the  bowl  and  the  deposit 
rinsed  with  about  100  cubic  centimetres  of  distiUed  water.  The  washing  water 
is  poured  into  a  clean  glass  crystallising  dish  and  the  operation  of  washing  is 
repeated  three  times.  The  bowl  is  then  nearly  filled  with  distilled  water,  and 
left  for  at  least  three  hours ;  it  is  rinsed  three  times,  the  last  of  these  washing 
waters  remaining  in  the  bowl  for  10  minutes.  This  should  give  no  auUdness 
when  added  to  a  neutral  solution  of  sodium  chloride  in  water.  The  bowl  is 
dried  in  an  electric  oven  at  a  temperature  of  about  160°  G. 

U  any  loose  silver  is  observed  in  the  solution  outside  of  the  filter  paper  oup« 
or  in  the  washing  waters,  these  liquids  must  be  filtered,  the  filter  paper  dried, 
and  the  loose  sQver  added  to  the  bowl  before  drying  the  deposit  The  bowl  it* 
cooled  in  a  deeiocator  and  weighed  again.  The  gain  in  mass  gives  the  silver 
deposited. 

6.  Caleulation. — To  find  the  current  in  amperes  this  mass,  expressed  in 
grammes,  must  be  divided  by  the  number  of  seconds  during  which  the  current 
has  been  passed  and  by  0-001118.  The  result  will  be  the  time  average  of  tht- 
current,  if  during  the  interval  the  current  has  varied. 

In  determining  the  constant  of  an  instrument  by  this  method  the  current 
should  be  kept  as  uniform  as  possible,  and  the  readings  of  the  instrument 
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observed  at  frequent:  intervals  of  time.  Thetae  obsdrvatioDB  give  a  curve  from 
which  the  reading  corresponding  to  the  mean  current  (time  averoge  of  the 
current)  can  be  found.  The  current,  as  calculateil  from  the  voltameter  results, 
corresponds  to  tbis  reading. 

Notes  on  Ohtmrontions,  — If  this  specification  is  carefully  followed,  the  mass 
of  silver  deposited  for  the  passage  of  one  coulomb  through  the  voltameter  is 
constant  within  the  limits  of  the  errors  of  measurements  of  the  highest  precision. 
It  is  certainly  constant  to  one  part  in  one  hundi'ed  thouiiand. 

The  specification  is  possibly  too  rigorous  for  many  practical  needs,  and  for 
such  a  simplification  is  possible.  The  solution  of  silver  nitrate  may  be  prepared 
from  purchased  silver  nitrate,  provided  it  is  free  from  add.  The  anode  may  be 
a  plate  of  pure  silver  without  electrolytic  silver  deposited  thereon.  The 
remainder  of  the  specification  must  be  followed. 

Effect  of  Preiture.— The  observations  may  be  made  at  any  ordinary  atmo- 
spheric pressure,  or  exceptionally  low  pressures,  as  the  mass  of  silver  deposited 
when  the  silver  voltameter  is  under  a  pressure  of  76  centimetres  of  mercury  is 
the  samn  as  when  under  any  lower  pressure  to  2  centimetres  of  mercury,  and 
possibly  without  these  limits. 

Efeet  of  Temperature. — This  spedfloation  is  based  on  observations  at  or 
about  a  temperature  of  17^  C.  Observations  at  other  temperatures  have  been 
made,  and  are  being  continued ;  if  there  is  a  temperature  coefficient  to  the  silver 
voltameter,  it  is  exceedingly  smalL 

This  specification  is  based  on  the  results  of  a  large  number  of  measurements 
made  at  the  National  Physical  I^aboratory. 


To  DETERMINE  THE   TrUE   INSULATION   AND   CONDUCTOR 

Resistances  op  a  Uniformly  Insulated  Telegraph  Line. 

636.  On  page  4  (§  7)  it  was  pointed  out  that  the  rule  of  multi- 
plying the  total  insulation  by  the  mileage  of  the  wire  to  get  the 
insulation  per  mile  was  not  strictly  correct.  Now,  although  the 
leakage  on  a  telegraph  line  insulated  on  poles  is  really  a  leakage  at 
a  series  of  detached  points,  and  not  a  uniform  leakage,  as  in  a  cable, 
yet  practically,  and  especially  in  the  case  of  long  lines,  it  may  be 
considered  as  taking  place  uniformly,  and  consequently  the  solutions 
of  problems  dealing  with  cables  also  apply  with  considerable  accuracy 
to  pole  lines.  We  may  therefore  consider  the  case  in  question  by 
the  help  of  the  equations  we  have  obtained  in  the  investigations 
made  in  Chapter  XXII. 

On  page  528  we  have  an  equation  [12] 

1  I 


582  HANDBOOK  OF  ELECTBICAL  TESTING. 

and  on  the  same  page  an  equation  [10] 


tn 


therefore 

1        VR^Ri 

^— __^__ • 

2m  2r      ' 

by  sabfititntion  and  transposition  we  get 

,        VR^Ri    ,       VRi+  VR^  tat 

Ir  =  — -= —  .  log«    ,__        ._  .  [AJ 

2  ^  VR<-  VR*  *• 

Since  I  is  the  length  of  the  line,  and  r  is  the  Conductor  BesUiancf 
per  unit  length,  I  r  is  the  Total  Conductor  Resistance  of  the  line,  R« 
and  R<  being  the  respective  total  resistances  of  the  line  when  the 
further  end  is  to  earth  and  when  it  is  insulated. 
Again  we  have  (page  519) 

therefore 

1    ^  m  ^       1 
m  i      r      V  RTR*  ' 
therefore 

1  I 


.nr"    • 


2w      2^/R,R,. 
by  substitution  and  transposition  we  get 

i    i^^yR;+VRe*  ra 

VRu-    VRe 

Since  I  is  the  length  of  the  line,  and  i  is  the  Insulation  Resistance 
per  unit  length,  ~  is  the  Total  Lisulation  Resistatice  of  the  line. 

To  get  the  per  mile  results,  we  must,  of  course,  in  the  first  case 
divide  the  total  by  the  mileage,  and  in  the  second  multiply  it  by  the 
mUeage. 

By  expanding  the  logarithm  we  may  obtain  approximate  simpli- 
fications of  the  foregoing  formulee. 
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We  have 

1  +  ^-5 

Vr. 

bat 
therefore 

^*«' trt-ts;  = '  Tr;  r  +  8  •  5 -^  6  •  (r,  )  +  •  •  •  •  1 ' 

therefore  from  equation  [A]  (page  582) 

and  from  equation  [B]  (page  582) 

i  R< 


/     1  +  1    R. 


=  ^r  -  «  '  R,  -  45  •  IrJ  -  945 U^  "  •  •  r 

If  &  is  not  less  than  5  times  Be,  then  the  abbreviated  f ormnlss 

are  correct  within  1  per  cent. 

If,  however,  Bi  is  not  more  than  2|  times  B«,  then  it  wonld  be 
necessary  to  take  three  of  the  terms  given  above  in  order  to  be 
correct  within  1  per  cent.  In  such  cases  the  logarithmic  formnl® 
wonld  probably  be  but  little  more  laborious  to  work  out,  and  would, 
of  course,  give  exact  results. 

637.  A  direct  means  of  ascertaining  the  Insulation  Bssistance  per 
mile  of  an  insulated  wire  is  the  following : — 

As  has  been  pointed  out,  on  page  582,  we  have  an  equation 

m^  -  . , 

*  Todhunter's  Algefaia,  5th  Edition,  page  387. 
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where  r  is  the  conductor  resistance  per  unit  length,  and  i  the  insola- 
tion resistance  per  unit  length,  of  the  line.  Also  on  page  523  we 
have  an  equation 

where,  as  before,  Re  is  the  total  resistance  of  the  line  when  the 
fnrther  end  is  to  earth,  and  Ri  the  total  resistance  when  the  end  is 
insulated.    By  combining  these  two  equations  we  have 

r 


or 


•  =  Ri^.  [A] 


r 

If  we  take  the  unit  length  to  be  a  mile,  then  r  being  the  true  con- 
ductor resistance  per  mile,  i  will  be  the  Insulation  Besistance  par  mUe. 
It  will  be  seen  that  the  mileage  of  the  line  does  not  come  into  the 
equation,  this  quantity  being  represented  by 

Re 

9 

r 

What  we  do,  in  fact,  in  order  to  obtain  the  true  Insulation  per  mils 
of  a  line,  is  to  multiply  the  total  resistance  of  the  line  when  its  end 
is  insulated,  not  by  the  absolute  total  conductor  resistance  divided 
by  the  absolute  conductor  resistance  per  mile,  which  is  the  same  thing 
as  the  mileage,  but  by  the  observed  total  conductor  resistance  (i.e.  the 
total  resistance  of  the  line  when  its  end  is  to  earth),  divided  by  the 
true  conductor  resistance  per  mile. 

For  example. 

The  resistance  of  a  line,  200  miles  long,  when  the  further  end  was 
insulated,  was  4000**.  When  the  end  was  to  earth  the  resistance  was 
2400".  The  absolute  conductor  resistance  of  the  wire,  at  the  time 
the  measurements  were  being  made,  was  known  to  be  16*"  per  mile. 
What  was  the  true  insulation  per  mile  of  the  line  ? 

*  =  4000  X  y^^  =  600,000-. 

16 

The  value  of  •  given  by  the  ordinary  rule  would  be 

*  =  4000  X  200  =  800,000", 
a  result  200,000",  or  88  per  cent.,  too  high. 
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638.  It  must  be  evident  that  what  is  ordinarily  called  the  con- 
ductor resistance  of  a  line  is  really  the  true  conductor  resistance 
diminished  by  the  conducting  power  of  the  insulators.  In  the  case 
of  a  pole  line,  therefore,  to  obtain  the  value  of  r  from  equation  [A] 
(page  582)  it  would  be  necessary  to  take  a  conductor  resistance  test 
in  fine  weather  when  the  insulation  is  very  high,  and  to  note  the  tem- 
perature at  that  time  ;  and  that  when  an  insulation  test  is  made 
in  wet  weather,  to  observe  the  temperature,  and  from  this  correct  the 
value  of  r  previously  obtained  in  the  fine  weather. 

689.  In  the  case  of  a  short  submarine  cable,  the  insulation 
resistance  (when  the  cable  is  in  good  condition) '  is  always  so  greatly 
in  excess  of  the  conductor  Resistance  that  the  true  value  of  the 
latter  is  obtained  at  once  by  measuring  the  resistance  of  the  cable 
when  its  end  is  to  earth.  Also  the  insulation  per  mile  is  practically 
equal  to  the  total  resistance  when  the  end  is  insulated,  multiplied  by 
the  mileage. 

The   Interpretation  and  Correction  for  Lbaka.ge  of 
Conductor-Resistance  Tests  on  Submarine  Cables.* 

640.  If  a  long  cable  were  cut  into  by  a  repairing  ship  at  a  point 
at  which  the  true  conductor  resistance  to  shore  was  8000",  and  the 
leakage  through  the  dielectric  such  as  to  be  equivalent  to  a  small 
fault  of  1  megohm  resistance  acting  at  a  spot  2000**  from  the  ship, 
the  conductor  resistance  observed  on  board  would  be  7964**,  while 
shore  would  obtain  7996".  The  ship's  result  would  thus  fall  short  of 
the  true  conductor  resistance  by  36",  equivalent  to  an  error  of,  say, 
6  knots  in  length  of  cable.  If,  at  some  subsequent  date,  the  ship 
lifted  and  tested  the  cable  again  at  the  same  place,  and  the  dielectric 
resistance  had  in  the  inter\'^al  fallen  to  0*5  megohm,  its  resultant 
being  still  2000"  distant,  the  conductor  resistances  obsen^ed  by  ship 
and  shore  would  be  7928"  and  7992"  respectively,  the  ship's  error 
now  being  72",  or  12  knots. 

The  dielectric  resistance  mentioned  in  the  first  instance  might  be 
the  normal  insulation  of  a  long  cable,  and  the  eccentricity  of  the 
resultant  due  to  shallow  water  and  a  high  bottom  temperature 
towards  one  end  of  the  cable.  The  subsequent  fall  to  half  value  might 
probably  be  caused  by  the  weakening  of  a  bad  joint  at  about  the 
position  of  the  resultant  leak. 

From  these  examples  it  will  be  evident  that  the  normal  observed 

•  Walter  J.  Murphy,  ♦  The  Electrician,'  Aug.  12, 1898. 
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oonductor  reeistance  of  even  a  perfect  cable  may  differ  mataially 
from  the  tme,  and  that  in  consequence  of  changes  in  the  dielectric 
resistance  along  the  cable,  whether  dne  to  variationB  of  bottom 
temperature  or  to  other  causes,  the  conductor  resistance  of  the  whole 
or  of  any  portion  of  the  cable  may  apparently  alter  from  time  to  time. 

Conductor  resistance  tests  cannot  ther^ore  be  properly  compared 
until  they  have  been  corrected  for  leakage  as  well  as  temperftture. 
Nevertheless,  it  is  a  general  custom  to  accept  the  observed  conductor 
resistances  as  tme  measurements  of  the  lengths  of  cables,  and  of 
their  sections,  and  errors  have  accumulated  in  splice  lists  and  charts 
in  consequence,  which  make  it  a  matter  of  difficulty  to  determine  the 
true  distance  to  a  fault  or  break  with  any  certainty,  even  when  a  good 
localisation  has  been  effected. 

If  (Fig.  286)  the  leakage  along  the  line  AB  be  coUectivdj 
represented  by  a  leak,  z,  whose  resistance  and  position  are  such 
that  it  has  the  same  effect  on  the  tests  taken  at  either  end  as  the 


B 


Fio.  286. 

real  leaks,  and  a  and  b  be  the  true  conductor  resistances  from  A 

and  B  to  the  supposed  position  of  3,  then  the  result  of  a  oonductor 

bz 
resistance  test  taken  at  A  will  be  equal  to  a  +  j .      This  is  lees 

than  the  true  conductor  resistance  (a  +  b)  by  the  difference  (/^) 

between  b  and  ^ -• 

b  +  z 

Calling  this  difference  A's  "  fall,"  then, 

bz  b^ 


A  =  ^- 


b  +  z      ft  +  «■ 


Similarly, 


B'8faU=/,  =  a  -  - 


az  cP' 


a  +  z      a  +  z 


A  and  B  will  consequently  only  obtain  similar  conductor  resistances 
when  a  =  ft,  that  is,  when  the  resultant  leakage  is  central,  which  may 
be  the  case  either  when  the  dielectric   is   homogeneous   or   wh«ii 


MISCELLANEOUS.  587 

mutually  balancing  leaks  exist.  In  any  case,  neither  A  nor  B  can 
obtain  the  true  conductor  resistance  by  observation,  although  in 
short  well-insulated  cables  the  difference  may  not  be  appreciable. 

As  a  +  z  and  b  +  z  are,  in  fact,  each  practically  equal  to  the 
insulation  resistance,  as  observed  from  A  and  B  respectively,  the  last 
equations  may  be  written 

where  r'  =  J  +  z        )    ._  ■,    (r"  =  a  +  2 


=  B's  D.R.»5   *^^    I     =  A's  D.R.* 


They  may  now  be  expressed  as  follows  : — 

Rule  1. — The  "fair*  in  conductor  resistance  due  to  a  leak,  is 
directly  proportional  to  the  square  of  the  conductor  resistance 
beyond  the  apparent  position  of  the  leak,  and  inversely  proportional 
to  its  apparent  resistance. 

/.  =  ^-  [1] 

RuU  2. — ^The  apparent  distance  of  the  leak  from  the  observer  is 
equal  to  the  square  root  of  the  product  of  the  fall  observed  by  the 
distant  station  and  the  apparent  resiBtance  of  the  leak  observed  by 

himself.  

a  =  ^7^'.  [2] 

Ride  8. — The  insulation  resistance  of  the  cable  is  equal  to  the 
square  of  the  conductor  resistance  beyond  the  leak  divided  by  the 
observed  fall. 

// 

When  in  equations  [l]  and  [2]  the  difference  between  r'  and  r" 
is  negligible,  as  will  usually  be  the  case,  we  may  take 

/.      /J 
and  therefoie 

b   r/: 

and  since  a  +  ^  =  true  conductor  resistance,  therefore 


a  =  true  conductor  resistance 


'JT 


*  Dielectric  Resistance. 
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and 


b  =  true  conductor  resistance  — ==^ 


vz 


Hence  follows : — 

Rule  4. — The  resultant  leak  is  distant  from  each  end  inversely 
as  the  square  roots  of  the  falls. 

The  true  conductor  resistance  of  a  cable  should  foe  established  by 
correcting  the  usual  weekly  tests  by  the  application  of  the  above 
rules ;  but  in  cases  in  which  it  is  not  known,  the  following  is  a  rapid 
method  of  approximating  to  its  value,  when  a  +  b  \r  taken  of  a 
probable  value,  and  /  and  r"  are  taken  as  equal  and  =  r. 
Since 

A  =  -,  and  /.  =  -  , 
r  r 

therefore 

,      a^  -  b'^ 

where  d  —  f^  -  f^,^  the  difference  between  the  falls,  and  consequently 
the  difference  between  the  observed  conductor  resistances  of  A  and 
B.    Then 

rfr  =  a^  -  &2  =  (a  +  b)  {a  -  b). 

If  we  say  (a  +  ft),  the  true  conductor  resistance,  =  L,  then  ft  =  L  -  a, 
and  rfr  =  L  {a-(L-a)} ; 
hence  we  have  Rule  5, 

taking  the  +  or  -  sign  according  as  /,  or  /,  is  the  greater,  d  being 
the  algebraic  difference  between  them. 

The  true  conductor  resistance,  then,  will  be  obtained  by  adding 

-^  to  the  conductor  resistance  measured  from  B.     If   this  result 

r 

differs  materially  from  L,  the  calculation  is  repeated,  using  the  value 
so  obtained  as  L,  but  as  the  errors  tend  to  correct  themselves  this 
will  seldom  be  necessary.  In  working  all  the  formulse  but  the  last, 
it  will  be  found  very  convenient  to  write,  or  to  think  of,  the  "  falls  " 
in  ohms,  the  a*s  and  ft^s  in  thousands,  and  the  z  values  in  megohms. 
Taking  the  example  given  at  the  commencement  of  §  640,  the  ship 
obtained  7964**  in  the  first  case,  because  z  —  1  megohm,  and  this  was 
distant  8000  -  2000  =  6000*"  from  the  further  station, 


therefore/.  =  -i^L  =  «6-. 
•'        1,000,000 
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and  the  observed  conductor  resistance  was  consequently  8000  -  86 
=  7964". 

The  tests  would  in  practice  have  been  dealt  with  as  follows : — 

Conductor  resistance  measured  by  ship  =  7964*. 
„  „  „  shore  =  7996**. 

d  =  82".  2  =  1  megohm,  about. 


By  Rule  5,  assuming  the  ship's  position,  and  therefore  true  conductor 
resistance,  as  about  7998**  from  the  shore, 

^\  7998  / 

and 

b  =  7998  - 1998  =  6000". 

Prom  these  the  true  conductor  resistance 

=  7996  +  (A:^^^  =  7996  +  4  =  8000" ; 


or. 


7964  +  Y  =  '^^^^  +  36  =  8000". 


Had  the  true  conductor  resistance  been  known,  as  should  be  the 
case  when  testing  from  station  to  station,  it  would  have  been  un- 
necessary to  observe  the  insulation  resistance,  since,  by  Rule  4,  the 
leak  would  be  distant  from  the  ship 

.^^^  ^8000-799"6  ^^^^  2 

8000  -,  -=      -  ^  -^  -    ,--    —  -^  =8000-  =  2000" 
^8000-7964  +  V800Q-7996  8       ^"""  ' 

and  the  insulation  resistance  would  be  (Rule  3) 

(8000  -^2000)»  ^  1  ^^^^ 

The  true  conductor  resistance  is  not  necessarily  a  fixed  quantity. 
When  the  cable  is  in  shallow  water,  the  bottom  temperature  may 
vary  considerably  with  the  season  of  the  year.  Curve  sheets  should 
therefore  be  kept,  on  which  the  value  of  the  true  conductor  resistance 
and  the  position  of  the  resultant  leak  obtained  by  treating  the  weekly 
tests  as  above,  should  be  systematically  recorded.  If  an  account  of 
the  changes  made  in  the  true  conductor  resistance  by  repairs  be  kept, 
and  applied  to  the  results,  it  will  furnish  an  interesting  indication 
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of  the  change  of  tempeFatare  along  the  line  of  cable  from  season 
to  season  and  year  to  year,  as  well  as  data  for  the  proper  correctioD 
of  localisations. 

Postal  Telegraph  Ststeh  of  Testing  Telegraph  Lines. 

641.  The  system  of  daily  testing  for  insolation  described  in 
Chapter  I.  page  6,  and  which  was  in  general  nse  on  the  lines  of  the 
Postal  Tel^raph  Department,  was  first  superseded  by  a  system  of 
testing  by  received  currents  which  necessitated  very  exact  measure- 
ments of  force  at  the  sending  end  of  the  line  and  also  an  exact 
determination  of  the  galvanometer  sensitiveness  at  the  receiving  end 
of  the  line.  This  it  was  found  could  not  be  ensured  with  facility, 
and  moreover  the  great  increase  in  the  number  of  wires  to  be  tested, 
necessitated  the  adoption  of  some  method  which  would  be 

(a)  Independent  of  the  exact  force  of  the  testing  batteries  ; 

{b)  „  „  sensitiveness  of  the  galvanometer  used ; 

(r)  Capable  of  application  to  lines  differing  considerably  in  con- 
ductor resistance. 

To  meet  these  conditions  the  following  system  of  testing,  which 
has  proved  quite  successful,  wafi  devised  by  1^.  A.  Eden. 

A  current  is  first  sent  from  a  battery  of  low  resistance  through  a 
fixed  resistance  of  20,000**,  which  is  in  circuit  with  one  of  the  coils 
of  a  differentially  wound  tangent  galvanometer,  so  as  to  obtain  a 
deflection  of  110  tangent  divisions. 

The  exact  voltage  of  the  testing  battery  is  immaterial,  as  an 
insensitive  galvanometer  and  a  high  voltage,  or  a  sensitive  galva- 
nometer and  a  low  voltage,  may  equally  ensure  a  constant  deflection 
of  110  divisions ;  but  in  practice,  as  the  Post  Office  tangent  galva- 
nometers are  adjusted  (by  means  of  an  adjusting  magnet)  to  indicate 
80  divisions  when  a  current  of  1  milliampere  is  flowing  through  their 
coils,  the  constant  of  110  is  obtained  by  increasing  or  decreasing  the 
number  of  cells  (about  40  dry  cells)  until  the  resulting  deflection  is 
between  108^  and  111^  tangent  divisions. 

The  galvanometer  is  then  connected  up  in  circuit  with  an  earthed 
battery,  the  free  end  of  which  is  joined  so  as  to  cause  a  current  to 
pass  from  the  battery  through  one  coil  of  the  differential  galva- 
nometer, a  10,000*'  coil,  two  lines  looped  at  a  distant  office,  a  second 
10,000""  coil,  and  thence  vid  the  other  half  of  the  galvanometer 
coils  to  earth.  The  galvanometer  coils  are  ^o  connected  that  the 
outgoing  and  incoming  currents  produce  deflections  in  opposite 
directions. 
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These  connections  are  shown  in  Fig.  287,  and  it  will  be  under- 
stood that  if  the  current  sent  out  from  the  battery  along  one  line 
equals  in  strength  that  which  is  received  back  on  the  other  line,  no 
deflection  will  take  place,  but  if  any  loss  takes  place  at  the  insulators, 
the  current  sent  out  will  be  greater  than  that  received  back,  and  a 
deflection,  d,  will  result,  which  will  be  the  exact  equivalent  of  the 
total  leakage  on  the  loop. 


$0,000 


10,000 


y 


FiQ.  237. 


Now  from  page  599  we  can  see  that  equation  [A],  there  given, 
will  express  the  value  of  this  total  leakage,  G,  -  G,.  being  the 
difference  of  the  two  currents  giving  the  deflection,  d,  and  C  being 
the  current  from  the  same  battery  passed  through  one  coil  of  the 
galvanometer,  and  through  a  total  resistance  equivalent  to  that  of 
the  looped  line  and  resistances  when  no  fault  exists.  If  D  be  this 
latter  deflection,  then  we  have 

Now  as  110  is  the  indicated  current  through  20,000"  resistance 
+ 160"  in  the  galvanometer  coil,  and  30  in  the  battery,  it  follows 
that  the  addition  of,  say,  a  500"  loop  and  the  second  coil  of  the 
galvanometer,  would  reduce  the  current  to 

(20,000  +  160  +  80)110  ^  20,190  x  110  ^  106.52 

20,000  +  160  +  30  +  500  +  160  20,850 

when  no  leakage  existed ;  this  then  is  the  value  of  D,  so  that  the 
foregoing  formula  becomes 

^  ^  20,850x106-52  ^  ^  _  20^  =  1,110,471  4-  rf-  5213. 
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For  example. 

With  a  500*  loop  a  leakage  of  25  divisions  (d)  was  obtained ; 
what  was  the  total  injsalation  resistance  of  the  loop  ? 

/=  1,110,471  H-  25  -  5213  =  44,418-84  -  5213  =  39,:f05* 
-  '039205  megohms,  or  *04  megohms  approximately. 

If  the  loop  had  been,  saj,  200  miles  long,  then  the  insolation 
per  mile  would  have  been 

• 

•  089205  X  200  =  7  •  84  megohms. 

In  order  to  save  calculation,  a  table  (A)  giving  the  insulation 
resistances  corresponding  to  various  values  of  ^,  worked  out  from  die 
foregoing  formula,  is  supplied  to  each  testing  office.  This  table 
gives  the  results  of  any  reading  on  loops  of  different  mileages  in 
terms  of  the  insulation  resistance  in  '^  megohms  per  mile/' 

In  order  to  enable  the  insulation  resistances  given  in  Table  A  to 
be  utilised  for  loops  of  more  than  500*  resistance,  a  second  table  is 
employed  (Table  B),  which  enables  the  deflections  actually  obtained 
wit^  such  higher  resistance  loops  to  be  corrected  to  the  value  they 
w<)uld  have  had,  had  the  resistance  of  the  loop  only,  been  500*. 

In  order  to  calculate  these  corrected  deflections,  (f,  let  r  be  the 
extra  resistance  of  the  loop  beyond  500"  ;  then  we  have 

f^  (20,850  +  r)  106-52  ^  ^  _  20,850  +  r 
/  2        ~  4     ~   ' 

but  since  we  have  also 

-_  20,850  X  106-52  ^  ^  _  -20,850 

where  d  is  the  observed  deflection,  therefore 

(20,850  +  r)  106-52  ^  •  _  20,850  +  r 

_  20,850  XJ06-52  ^  ^  _  20,850 
2  •  ^         -4-     • 

therefore 

(20,850  t  r)  106  •  52  ^  20,850  x  106*52  _  20^850 
V  d  "2 

^  20,850  -f  r  ^  20,850  x  106*52  ^  r 
"^  2  d  "*'2' 
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Table  (A).    Mobnimg  Testing. 

iShowiii^  Uie  Equivalent  liisulatlon  Resistanoe  in  Megohms  per  Milo  of  yarioud 
Amounts  of  Lc  akage  on  Loops  of  the  following  Lengths. 


i 

1 

liCAkage  , 

Mileages 

1. 

600  Ohm 

1 

1 

• 

Ijoop 

1      1 

1 

5 

10 



20 
Me«;o 

40 

1 

50 

.70 

80 

200 

IM  visions  1 

lims  per 

Mile. 

1 

110 

552 

110 

•221 

44  2 

552 

773 

_ 
88^4 

221 

2 

•55 

275 

5-50 

iro 

220 

27-5 

385 

440 

110 

S 

•36 

1-82 

3-65 

7-30 

14-6 

18^2 

25-5 

29-2 

730 

4 

•27 

1-36 

272 

5-44 

10^8 

136 

191 

21-8 

54-4 

5 

21 

108 

2- 17 

4-33 

8-68 

10-8 

15^2 

17-3 

43-4 

« 

•18 

•90 

1-80 

359 

720 

8-99 

126 

14-4 

36^0 

7 

•15 

•78 

1-53 

3^06 

610 

767 

10-7 

12  2 

30-6 

8 

•13 

•67 

134 

2-67 

5-34 

6-68 

935 

10-7 

•26-8 

9 

•11 

•60 

118 

236 

4-77 

591 

8-27 

9  46 

23-6 

10 

•10 

•53 

106 

211 

4-23 

^•30 

741 

8- 40 

21-2 

11 

•09 

•48 

•96 

192 

392 

480 

671 

766 

191 

12 

•08 

•44 

•87 

174 

3-59 

436 

6^01 

6-98 

17-4 

13 

•08 

•40 

•80 

1-60 

325 

401 

5^65 

6-42 

160 

14 

•07 

•37 

•74 

1-48 

301 

3-70 

5-32 

5-93 

14-8 

15 

•07 

•34 

•69 

1-37 

2-75 

3-44 

4-90 

5-50 

137 

16 

•06 

•32 

•64 

1^28 

256 

3-21 

4  53 

514 

128 

17 

•06 

•30 

•60 

120 

2-48 

3  00 

431 

4^81 

120 

18 

•06 

•28 

•56 

113 

2  2«; 

2^82 

3-92 

4-52 

11-3 

hi 

•05 

•27 

•53 

1-06 

213 

2-66 

366 

426 

10-6 

20 

•05 

•25 

•50 

1^00 

2^00 

251 

350 

402 

100 

21 

•05 

•24 

•48 

•95 

l^S9 

2-38 

331 

382 

9-54 

22 

•04 

•23 

•45 

•91 

1-79 

2  26 

312 

3-62 

906 

23 

•04 

•21 

•43 

•86 

1-75 

215 

3^00 

3-45 

8-62 

24 

•04 

•20 

•41 

•82 

1*66 

2  05 

2^90 

329 

8-22 

25 

•04 

•19 

■39 

•78 

1-58 

196 

2-75 

314 

7-84 

26 

•04 

•19 

•37 

•75 

1-50 

1-87 

2^60 

3  00 

7-50 

27 

•03 

•18 

•36 

•72 

146 

r79 

2*52 

2^87 

,     7  18 

28 

•03 

•17 

•34 

•69 

1-38 

1-72 

240 

2  75 

6-88 

29 

•03 

•16 

•33 

•66 

1-33 

1-65 

2-33 

265 

1     662 

30 

•03 

•16 

•32 

64 

1^27 

160 

2  22 

2-54 

1     636 

31 

•03 

•15 

•31 

•61 

124 

153 

216 

2-45 

1 

1     6-12 

32 

•03 

•15 

•29 

•59 

1-20 

1-47 

2^06 

236 

5^90 

33 

•03 

•14 

•28 

•57 

I'H 

1^42 

2-00 

228 

570 

The  above  tablo  is  abbreviated  from  the  actual  tabic  used. 
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Table  (B).    Mobnutg  Tistino. 


Oondoctor  Baaistanoe  Oorreotioo. 


Condactor  BesiBlaikoe  of  Loop  io  TliouaandB  of  Ohms. 

Aotoal 
Resdiog. 

1 

ij 

2 

2i 

3 

^           4 

^ 

Eqaivalent  Beading  on  500  Ohm  Lo)^. 

67 

68 

1 

68  '   68     69     69     69  '   70     70 

68 

69 

69    69    70    70    70    71     71 

69 

70 

70    71  :   71     71  I   71     72    72 

70 

71 

71     72 

72  '   72    72 

73    73 

71 

72 

72 

73 

73  1   73    73 

1 

74    74 

72 

73 

73    74    74  '   74  '   74  i   75    76 

73 

74 

74    75    76    76    76     77    77 

74 

75 

75    76  1   77    77    77    78    78 

75 

76 

76    77     78    78    78  ,   79    80 

76 

77 

77  .   78 

79  ,   79  ,   79     80     81 

1      1 

77 

78 

78  1   79 

80  i   80  i   80  1   81    82 

78 

79 

79    80 

81 

81 

81    88    88 

79 

80 

80 

81 

82 

82 

82  1   83    84 

80 

81 

81 

82 

83 

83 

84 

85    86 

81 

82 

82 

88 

84 

84 

85 

86    87 

82 

88 

83 

84 

85 

85 

86    87    88 

83 

84 

84 

85 

86 

87 

88    89    89 

84 

85 

85 

86 

87    88 

89  .   90    90 

85 

86 

86 

87 

88 

89 

90    91     91 

86 

87 

87 

88 

89 

90 

91     98    98 

1 

87 

88 

88 

89 

90 

92 

98    94 

94 

88 

89 

89 

90 

91     93 

94 

95    95 

89 

90 

90 

91 

92    94 

95 

96     97 

90 

91 

92 

93 

94  ,   95 

96    97     98 

91 

92 

93 

94 

95    96 

97 

98  '   99 

1 

92 

98 

94 

95 

96 

97 

98 

99    100 

98 

94 

95 

96 

97     98 

99 

100    101 

94 

95 

96 

97 

98  '   99 

100 

101  '  102 

05 

96 

97  1   98 

99    100 

101    102  ,  108 

96 

97 

98  1   99 

1 

100    102 

108  '  104    105 

1 

97 

98 

99  1  100    101    103 

104  ,  105  1  106 

98 

99 

100 

101    102    104 

105  '  106    107 

99 

100 

101 

102 

103    105 

1 

1 

106    107    108 

1 

The  whore  table  it 


from  the  eotnal  table  uad. 
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therefore 


(T  = 


(20,850  +  r)  106  •  52    _        20,850  +  r 


20,^50  j<J06;52      r 
d  2 


20,850 
d 


213  04 


21,000  +  r 
21,000  r 
"  d~         200 


approximately. 


For  example. 

What  is  the  corrected  deflection,  rf',  for  a  loop  of  4500**  resistance, 
the  observed  deflection,  d^  being  100- divisions  ? 

The  extra  resistance,  r,  beyond  500'*,  is  in  this  case  4000",  there- 
fore 


^  _  21,000  +  4000  _  _25^00^     _  25,000 


21,000      4000       210  +  20 
loo  ~       200 


280 


=  109". 


Table  B  is  compiled  from  the  foregoing  formula. 

When  loops  cannot  be  obtained,  the  distant  office,  instead  of 
looping,  connects  the  single  wire  to  earth  through  a  resistance  equal 
to  the  receiving  half  coil  of  the  galvanometer,  and  also  through  a 
resistance  of  10,000".  In  this  case  the  calculated  deflection  which 
would  be  obtained  on  this  particular  wire  when  the  insulation  was 


Fio.  238. 

perfect,  is  subtracted  from  the  deflection  observed  at  the  sending 
office,  and  the  result  multiplied  by  2  gives  the  leakage  reading,  d,  on 
this  particular  wire.  The  tables  then  furnish  the  insulation  resist- 
ance per  mile  as  in  the  case  of  loops. 

642.  The  pattern  of  galvanometer  used  for  the  foregoing  tests  is 

2  Q  2 
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shown  in  general  plan  by  Fig.  238  (and  in  general  view  by  Fig.  23, 
page  27). 

In  this  instrament  the  ring  is  doable  wound  with  two  wires,  eacli 
of  the  latter  having  a  resistance  of  leO"",  so  that  when  the  two  wires 
are  joined  in  series  the  total  resistance  of  the  ring  is  820*. 

The  ends  of  the  wires  are  connected  to  terminals  1  and  3,  and 
to  2  and  4,  respectively,  the  connections  being  snch  that  when 
terminals  2  and  8  are  joined  together,  and  a  current  is  sent  from 
terminal  1  to  terminal  4,  the  two  coils  both  tend  to  deflect  the  needle 
in  the  same  direction.  Connected  with  terminals  1  and  4  (so  as  to 
embrace  both  the  160*  coils  when  the  latter  are  joined  in  series  hy 
connecting  terminals  2  and  3)  are  seven  shunts  of  the  respective 
values  ith,  ^\tii,  ^^^jth,  ^th,  ^V^b>  liry^)  ^^^  7?ir^h  '•  ^^^^  shunts 
reduce  the  sensitiveness  of  the  instrument  to  these  values,  and  at  the 
same  time  reduce  the  resistance  between  the  terminals  I  and  4  from 
320*  to  32,  16,  8,  4,  2,  1,  and  J  an  ohm,  respectively. 

The  winding  of  the  two  160*  coils  on  the  ring  is  differential,  so 
that  if  necessary  the  instrument  can  be  used  as  an  instmment  of 
this  description. 

To  Determine  the  Conductor  Resistance  op  a  Line 
WHEN  THE  Strengths  of  the  Sent  and  Rboeivbd 
Currents  are  known. 

643.  If  in  Fig.  239,  A  B  is  a  line  which  has  high  resistances  R,  R, 
placed  at  its  ends,  then  it  can  be  demonstrated  mathematically  that 

.ill -.« ^ — -,^ .^ 


«-A 


asTT 


i — 

i  V 


'^^:' 


jf 


FiO.  239. 


if  R,  R,  are  very  great,  a  "  resultant "  fault  ♦  /  (that  is,  the  total 
insulation  resistance  of  the  line)  will  produce  very  nearly  the  same 

*  See  page  330,  $  854. 
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effect  on  the  carrent  received  on  the  galvanometer  G,  whether  this 
fault  is  at  the  middle,  at  the  end,  or  at  any  intermediate  point  on  the 
line.  As  a  matter  of  fact  the  fault  has  the  greatest  influence  when 
it  is  at  the  middle  of  the  line,  and  the  least  influence  when  it  is  at 
either  of  the  ends,  but  when  the  resistances  B,  B,  are  each  about 
10  times  the  conductor  resistance  of  the  line,  then  the  difference  in 
the  two  cases  is  practically  very  small.  If  we  assume,  for  con- 
venience of  calculation,  that  the  resultant  fault  is  at  the  middle  of 
the  line,  then  if  G.  be  the  sent,  and  C^  the  received,  current,  and 
B^,  Bj  the  total  equal  resistances  on  either  side  of  the  fault  /,  we 
have 


«'  =  ^-r/.7'    -•-«/.-/  = 

a 

c.* 

but 

c  -       ^ 
*  ^  it.  +/ 

> 

therefore 

c. 

E                      E 

EC, 

(C.  +  c,>' 

therefore 

R               'E 

^  ~  c.  +  c/ 

[A] 

But  B^  is  half  the  total  resistance  of  the  circuit,  hence  if  this  circuit 
is  the  conductor  resistance  of  the  line,  then 

Conductor  resistance  =  .,       ^   =  f^       .,  ; 

2 

that  is  to  say,  it  equals  the  electromotive  force  of  the  battery  divided 
by  the  arithmetic  mean  of  the  sent  and  received  currents,  a  fact 
which  was  first  pointed  out  by  Mr.  A.  Eden.* 
It  is  also  evident  that  since  from  [A] 

C,  +  C,.  =  g-, 

therefore  C,  +  C^  must  be  of  constant  value  if  the  conductor  resist- 
ance B^  and  the  electromotive  force  E  remain  unaltered. 

*  *  blleotrioid  Reyiew/  Jan.  15,  1892. 
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To  Detsrmins  the  Insulation  Rksistance  of  a  Linb  when  the 
Stkknoths  of  the  Sent  and  Received  Currents  are  known. 

€44.  This  may  be  arrived  at  as  follows :  Beferring  to  Fig.  239, 
we  have 

C E       _  =    E(Rt+/) 

'      R,+     ?i/        R,(Rx  +  2/)' 
R,  +/ 

and 

0=0       f     =    E(R. +/1        /      ^  B/ 

'        'R, +/     R,(R,  +  27)-R, +/     R,(R, +  2/)' 

therefore 

,,  _,,   ^     B(R+/)     _  E/         ^       E 

'      Ri  (Ri  +  2/)      R,  (Ri  +  2/)      R,  +  2/' 

therefore 

E  =  R,  (C.  -  C,)  +  2/(C,  -  C), 

therefore 

J  E  -  R|  (C,  -  C,) 

or 

/=  Kc.  -  cv "  M "  2ARr(c;~c,)  "■  V- 

If  now  C  is  the  current  flowing  out  to  line  when  there  is  oo 
leakage,  then 


so  that 


«=2-v  "  Rr'"^' 


•^     2I0. -c,     V- 


Or,  if  we  call  R'  tlie  resistance  of  the  whole  length  of  circuit,  then, 
since 


R'  =  2  R,, 


we  get 


■^     4  Vc.  -  CL      r 
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Or,  preferably,  for  Gonvenience  of  calculation  when  C,  -  C^  is  the 
only  variable, 

/  =  ^ -=- (0.  -  0,)  -  I'.  [A] 

Also  since  (page  597) 


therefore 


therefore 


or 


bat  since 


tiierefore 


C,R,=/(C.-C,). 
R    -        E 

^c^-  a  „    E 


or 


/=,v,-, 


C,        C.  +  0, ' 
EC,  _     E  C, 


(c.-a)(c.  +  a)    c.«-a« 

645.  Sappoeing  now  we  wished  to  know  what  would  be  the 
resistance  of  the  line  (Fig.  289)  measored  from  one  end  with  the 
farther  end  disconnected,  the  resiatanoe  R^  +/  in  fact.    We  hare 
then 
p    .  / _      E         EC, _       E      Pi    .     _5r    "1 

"» ^J    c.+c,  ^  (c.-a)(c.  +  a)  "  c.  +  c,  L     c.-cj 

E       ^      C.     _     EC. 


c.  +  c,    c.-c,    Q?-cy 


[B] 


646.  This  result  may  also  be  arrived  at  in  the  following 
manner : — 

The  further  end  of  the  line  being  to  earth,  and  /  being  the 
length  of  the  line,  we  have  from  equation  [2],  page  519,  by  putting 

Current  sent  =  C.  =  ?  f  A  «^  -  B  «  "  ^  ; 

T 
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and  from  the  same  eqaation  by  putting  ar  =  0, 

Current  received  =  C,  =  "*  [A  -  B] ; 

r 

therefore 

C\  A-B       • 

but  from  equation  [4],  page  520,  we  have 

Icr       -   1 

r 

therefore 

0,  2 


—   ♦ 


by  iiist'rting  tlif  value  of  (f"*,  e"*,  and  — ,  given   hj  equations  [lo] 


and  [18],  page  52.H,  we  get 


(\      ^    v/  R.     ^/ R,  ^  -^  K'  K<         /     V  V  u^  +  ^  K  A  ^  R,  R.  "^ ' ' 


1\  2 

2'/R,-R. 

^^^^■;4_VR.__(i^0 

Vr^-r.       Vr,-r.    ^      *^' 

The  value  of  R<,  altfaoogh  it  oonld  be  determined  from  this 
equation,  would  be  represented  by  a  somewhat  complex  fraction; 
if,  however,  we  have  <r  =  0,  we  then  get 

^'  =   -  '^^-  -  ,    or,  R,  =  R.;^.^'*  ..  [C] 

a    vr,-"r.'     '       ^c.«-c,*         •■  ■" 

In  which  equation,  G>  and  C,  (being  in  the  form  of  a  propor- 
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tion)  may  be  measured  in  amperes  or  milliamperes,  or  indeed  in  any 
multiple  or  submultiple  of  an  ampere. 

For  example. 

The  resistance  of  a  line  when  to  earth  at  the  further  end  was 
1500"  (RJ.  The  strengths  of  the  sent  and  received  currents  were 
2  •  8  and  2  •  6  milliamperes  respectively.  What  would  be  the  resist- 
ance of  the  line  if  the  further  end  were  insulated  ? 

The  measurement  of  the  received  current  would  have  to  be  made 
by  means  of  a  low  resistance  galvanometer  in  order  to  avoid  the 
introduction  of  the  quantity  o-  into  the  formula. 

It  may  be  remarked  that  the  equation 


a      VR,-R. 


(-1) 


cannot  be  arrived  at  on  the  basis  represented  by  Fig.  2;J9. 
Since 

C.  =  j^,     or,     R.  =  ^, 
therefore  from  equation  [B]  we  get 

which  coiTesponds  with  equation  [B],  page  599, 

647.  Having  obtained  R<,  the  insulation  per  mile  could  be 
obtained  in  the  manner  shown  on  page  588,  §  687  ;  a  simpler 
method  of  doing  this  is  the  following  : — 

E  E^ 

C.  =  5-,     or    C.^  =  g^; 

by  substituting  this  value  in  equation  [C]  we  get 

p  ^    E2_        . 

'      R.  (C.2  -  0,2)  ' 

also,  from  equation  [A],  page  584,  we  have 

•  =  R^— ,    or  R<  =  ^, 
r  n. 
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where  %  is  the  trne  insolation  resistance  per  mile  of  the  line,  and  r 
its  trae  conductor  resistance  per  mile ;  therefore 

ir  W  .  W 

or    »  = 


in  which  0.  and  0^  are  in  amperes,  £  in  volts,  and  t  and  r  in  ohms. 
If  0,  and  0^  are  measured  in  milliamperes,  then  we  have 

.  _  (E  X  1000)2  _  E2  X  1,000,000   , 

For  example. 

The  strengths  of  the  sent  and  received  currents  on  a  line  were 
12  and  10  milliamperes  respectively,  the  sending  hattery  being  a 
10-cell  Daniell  (10  volts  approximately) ;  the  line  had  an  average 
estimated  conductor  resistance  of  14^  per  mile.  What  was  the  in- 
sulation per  mile  of  the  line  ? 

.  ^  lo;^  X  1,000,000  _^  ^^ 

14  (122  _  102) 

KiECHOFP's  Laws. 

648.  These  laws  are  two  in  number ;  the  first  is : — 

The  algebraical  sum  of  the  current  strengths  in  all  those  taires  which 

meet  in  a  point  is  equal  to  nothing. 

The  truth  of  this  law  is  almost  obvious ;  thus,  if  we  have,  say, 

five  wires  meeting  in  a  point,  as  shown  by  Fig.  240,  then  as  the 


FiQ.  240. 

point  A  cannot  be  a  reservoir,  the  sum  of  the  currents  <^,  c^^ 
approaching  A  must  equal  the  sum  of  the  currents  c^,  c^,  c^,  reccing 
from  A,  that  is 

Cj  +  Cj  =  Cj  +  (/^  +  Cg, 

or 

^1  +  ^2  ""  ^8  "~  ^4  ~  ^6  ~  ^' 

It  may  be  as  well,  perhaps,  to  point  out  that  although  the  quanti- 
ties Ci,  ^2,  Cj,  c^,  Cg,  are  partly  positive  and  partly  negative,  yet  they 
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together  constitute  an  algebraical  "sum,"  for  the  equation  may  be 
written 

Ci  +  ^2  +  (-  C3)  +  (-  cj  +  (-  Ci)  =  0 ; 

the  quantities  Cj,  c^,  and  ^5,  in  fact,  are  n^ative  because  the  currents 
they  represent  flow  in  the  opposite  direction  to  the  currents  Cj,  Cg.* 
649.    The  second  law  of  Kirchoff  is  as  follows  : — 
The  algebraical  sum  of  all  the  products  of  the  current  strengths  and 
resistances  in  all  the  unres  forming  an  enclosed  figure^  equals  the  alge- 
braical sum  of  all  the  electromotive  forces  in  the  circuit. 

The  truth  of  this  law  follows  as  a  consequence  from  the  laws 
investigated  on  pages  861-364— viz.  :— 

(A)  The  difference  of  the  potentials  at  two  points  in  a  resistance  {in 
which  no  electromotive  force  exists)  is  equal  to  the  product  of  the  current 
and  the  resistance  between  the  two  points, 

(B)  The  difference  of  the  potentials  at  two  points  in  a  resistance  in 
which  an  electromotive  force  exists,  is  equal  to  the  product  of  the  current 
and  the  resistance  betweefi  the  two  points  added  to  the  electromotive  force 
in  the  resistance,  this  electromotive  force  being  negative  if  it  acts  with  the 
current,  and  positive  if  it  opposes  it. 


Fio.  241. 

If  we  refer  to  Fig.  241,  and  we  consider  any  closed  circuit  in,  it, 

then  we  can  see  that  the  sum  of  the  differences  of  the  potentials 
between  the  points  in  that  circuit  must  be  equal  to  0 ;   thus,  for 

example,  if  we  take  the  closed  circuit  formed  by  the  sections  A  B, 

B  C,  C  D,  D  A,  then  it  is  evident  that 

(Vx  -  V,)  +  (V3  -  V,)  +  (V3  -  V,)  +  (V.  -  V,) 

*  It  is  important  that  algebraical  snin  Bhould  not  bo  confounded  with 
ariUtmelieal  Bum ;  the  latter  signifieB  a  number  of  quantities  oounected  by  p/u« 
Bigna,  whilbt  in  tho  former  the  signs  may  be  partly  negative  and  partly  positive, 
or,  indetjd,  all  negative.  As  a  rule,  when  the  word  "sum"  is  used  in  stating 
a  law,  it  is  the  aJgebraieal  sum  which  is  meant. 
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18  the  same  as  V^  -  V^  +  Vj  -  V,  +  V,  -  V3  +  V^  -  V^,  whid 
equals  0. 

Now  from  laws  (A)  and  (B)  we  have 

»  2   ~    ^8  ~  ^8  ''8 

V^  -  Vj  =    -  Cj  fj  *  ; 

therefore,  by  addition,  we  get 

C  R  -  tf  +  Cjfj  -  C4  r^  +  B  -  Cj  Tg  =  0 ; 

or 

CR  +  Cjfj  -  c^r^  -  Cjfj  =  e  -  E, 

which  proves  the  law. 

As  in  the  case  of  Kirchoffs  first  law,  we  have  in  the  last  eqnatioD, 
algebraical  sums,  for  this  equation  may  be  written : 

CR  +  CgTs  +  (-e^r;)  +  {-  e^r^)  =« +  (-  B) ; 

r^,  c^j  and  B,  in  fact,  are  negative  because  the  currents  in  the  sections 
(C  I)  and  D  A)  in  which  these  quantities  occur  are  in  the  reverse 
direction  to  the  currents  in  the  other  sections  (A  B  and  B  G). 

POLLABD^S  ThBOKBM. 

650.  Let  B  (Fig.  242)  be  a  battery  of  internal  resistance  r,  which 
is  shunted  by  a  shunt  S  and  is  in 
circuit    with  a  resistance   R ;   then 
current  through  battery  is 

E  ^       E  (S  +  R) 

SR         Sr+Rr  +  SR 

S  +  R 

B  (ft  +  R) 


Sr  +  R"(S  +  r)' 

and  current,  G,  through  R,  is 

^^       E(i=  +  R) 


r  + 


Fio.  242. 


S 


-V       X       rt 


Sr  +  R(S  +  r)  '^  S  +  R 

S 


ES 


B 


S  +  r 


Sr  +  R(S  +  r)        ^'^     +  r 


[A] 


S  +  r 


*  TI1O80  quiiiitiHes  tiro  negative  b«-cau8«)  tliu  oaTTents  O4  and  o^  flow  in  ilie 
reTerBi>  diruciion  to  ilie  oorreuts  6,  and  0,. 
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that  is  to  say,  a  battery  E,  having  a  resistance  r  and   shunted 
by  a  shunt  S,  is  equivalent  to  a  battery  of  electromotive  force 

B  ^ ,  and  internal  resistance  ^ 

S  +  r  S  +  r 

651.  Now  if  we  call  e  the  electromotive  force  of  the  shunted 
battery,  then  we  iiave 

e  =  E    -^-. 


or 


thut  is, 


ESr 
S  +  r 


ES  r 
S  +  r 


It  follows,  therefore,  from  the  theorem,  tiiat  the  original  electro- 
motive force,  E,  is  to  the  reduced  electromotive  force,  e,  in  the 
ratio  of  the  original  resistance  of  the  battery  to  the  shunted  resist- 
ance of  the  same. 

A  Mbtrod  op  Measuring  thk  Resistancb  op,  and  the  Curiibnt 

PLOWINft  THROUGH,   ElBCTRIC   LaMPS  WHEN  BURNING. 

652.  This  method  is  an  adapttition  of  the  methods  «:iven  on 
page  381,  §  419,  and  page  457,  §  515,  and  is  as  follows  : — 

A  resistance,  R  (fig,  243),  is  in- 
serted in  the  circuit  of  the  lamp  whose 
resistance  is  to  be  measured,  and  then 
the  potential,  V,  between  the  points, 
A  and  B,  is  measured.  A  similar 
measurement  is  then  taken  of  the 
potential,  V„  between  the  terminals, 
C  and   D,  of    the   lamp.      We   then  Fio.  243. 

have— 

For  example. 

Suppose  the  resistance,  R,  were  1",  and  suppose  that  the  discharge 
deflection  obtained  by  the  condenser  from  the  points  A  and  B,  were 
250  divisions,  there  being  no  shunt  to  the  galvanometer;  also 
suppose  that  the  discharge  deflection  obtained  from   between  the 
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points,  G  and  D,  were  260  diviflions,  the  galvaDometer,  whose 
resistance  was  6100**,  being  shunted  with  a  shunt  of  200";  thai 
we  have 

V  =  250, 


therefore 


V,  =  260  X  «-l^-«  +  2^^  =  8190  ; 
^  200 


fF=  1  X  — ^  =  32-8-. 

250 


If  the  discharge  given  by  a  Daniell  cell  were  140,  then  we  sboald 

have — 

^50 
Electromotive  force  between  A  and  B  =  1*08  x  "—  =  1*9;1 

140 
The  current  flowing,  therefore,  equals 

=  1  •  98  amperes. 

In  cases  where  the  current  is  powerful,  and  where  it  is  not  advisable 
to  introduce  so  high  a  resistance  as  1**  into  the  circuit,  R  could  be 
made,  say  y\jth*. 

Measurement  of  the  Insulation  Resistance  of  a  live 

Electric  Lioht  Installation. 

Rt^sselFs  Method. 

658.  This  is  a  very  simple  method.  First  measure  the  potential 
difference  V  between  any  point  in  the  installation  and  earth,  then 
connect  that  point  to  earth  through  a  very  high  resistance,  R^,  this 
resistance  being  preferably  approximately  equal  to  the  estimated 
insulation '  resistance,  R,  of  the  installation ;  again  measure  the 
potential  difference  between  the  point  and  earth,  let  this  be  Y^. 

Now  the  combined  resistance  of  R  and  R^  is  obviously 

RRj 


R  +  Ri' 
and  the  values  of  V  and  V^  must  be  in  the  direct  proportion  of 
RtOj^^;  that  is. 
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therefore 


or 
that  is, 


V  -  V  K  +  ^1 

V  Ri  =  Vj  R  +  Vi  Ri ; 
R  =  R,IrZi. 


The  measurement  of  the  potentials  Y  and  V^  must  be  effected  by 
means  of  a  condenser  (page  853,  §  382)  or  an  electrometer;  it 
cannot  be  done  by  means  of  a  galvanometer  connected  direct 
between  the  points  and  earth,  since  the  galvanometer  will  itself  act 
as  a  leak,  and  thereby  alter  the  values  of  the  potentials. 

A  Method  of  Testing  Batteries. 

654.  In  making  tests  of  batteries  which  are  required  to  give  a 
large  current  through  a  low  resistance,  it  is  often  found  impossible 
to  determine  the  exact  amount  of  current  flowing  by  the  direct  use 
of  an  '*  ammeter,"  as  the'  resistance  of  the  latter,  although  low,  may 


Fig.  244. 

still  be  sufSciently  great  to  materially  reduce  the  current  which  the 
battery  is  intended  to  give  out.  This  difficulty  may  be  overcome  by 
the  following  arrangement,  devised  by  Mr.  I.  Probert  for  testing  the 
value  of  batteries  specially  designed  for  working  small  incandescent 
lamps.* 

*  ^Eleotrieal  Review/  March  6th,  1891. 
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The  battery,  B  (Fig.  244),  to  be  tested,  is  joined  ap  to  the  lamp, 
I  (which  has  a  **  voltmeter,^'  Y,  across  its  terminals),  the  switch,  S, 
being  turned  to  the  position  shown.  Under  these  conditions  the 
battery  works  direct  on  to  the  lamp,  which  glows  at  its  full 
brilliancy,  and  the  voltmeter,  Y,  gives  the  potential  or  voltage 
between  the  lamp  terminals.  In  order  to  determine  the  current,  the 
switch,  3,  is  turned  to  the  position  shown  by  the  dotted  lines ;  thk 
brings  into  circuit  the  auxiliary  battery,  B^  (preferably  a  set  of 
accumulators),  the  ammeter.  A,  and  the  electrolytic  cell,  E,  this  cell 
consisting  of  two  copper  plates  in  a  sulphate  of  copper  solution.  The 
current  from  B,  although  reduced  by  the  resistance  of  the  ammet^, 
is  reinforced  by  the  auxiliary  battery,  B^  and  by  adjusting  the 
distance  between  the  plates  in  the  electrolytic  cell  the  current  can  be 
adjusted  to  the  greatest  nicety  until  the  deflection  on  Y  is  the  same 
as  it  was  previous  to  the  turning  of  the  switch,  S,  hence  the 
ammeter.  A,  now  shows  the  current  which  under  the  latter  con- 
ditions was  flowing  through  B.  The  observation  being  taken  on  A, 
the  switch,  S,  is  turned  bick  again  to  the  position  shown,  and  the 
battery,  B,  continues  to  work  under  the  practical  conditions. 


A  Method  op  Measuring  Low  Resistances. 

655.  This  method  is  merely  an  adaptation  of  the  method  given 
on  page  457,  §  515,  and  ia  shown  in  principle  by  Fi«r.  245. 

E  is  a  single  Daniell  cell,  R  a  resistance  of  1",  and  B  C  the 
resistance,  x,  to  l>e  measured.     Between  B  and  C  a  Kelvin  galva- 
nometer (page  51)  in  circuit  with   a 
resistance  is  connected. 

Now,  taking  the  resistance  of  the 
cell  E  to  be,  say,  4",  then  if  a;  be 
T^-Q^th**,  the  potential  between  B  and  C 
will  be  approximately  ^^th  of  a  volt, 
and  the  potential  between  A  and  B, 
|th  of  a  volt ;  consequently  if  we  can 
measure  these  two  potentials  accurately 
we  can  determine  the  value  of  a  resist-  *^*  ^*^ 

ance  of  r^th**  to  an  equal  degree  of 

accuracy.  Now  a  Kelvin  galvanometer,  wound  to  about  5000** 
resistance,  will  give  a  deflection  of  100  divisions  with  one  Daniell 
cell,  there  being  in  circuit  a  total  resistance  of  lOyOOO^OOO**.    If  there 
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be  no  resistance  in  the  circuit  beyond  that  of  the  galvanometer  itself 
(5000")  the  deflection  would  be 

100  X  i?S?^  =  200,000  divisions, 
5000  '  ' 

representing  an  electromotive  force,  or  potential,  of  1  volt  approxi- 
mately ;  hence  200  divisions  would  represent  a  potential  of  ii^th 
of  a  volt.  We  can  easily,  therefore,  measure  a  potential  of  5^th 
of  a  volt. 

In  order  to  make  a  measurement  we  should  proceed  as  follows : — 
The  battery,  resistances,  etc.,  being  connected  up  as  shown  in 
Fig.  245,  and  the  shunt  being  removed  from  the  terminals  of  the 
galvanometer,  the  resistance  in  circuit  with  the  latter  must  be  varied 
until  a  good  deflection  (about  800  divisions)  is  obtained.  Let  d^ 
be  this  deflection,  and  let  G  and  R^  be  the  respective  resistances 
of  the  galvanometer  and  the  resistance  in  circuit  with  the  latter ; 
then  if  v^  be  the  difference  of  potential  between  B  and  C,  the  current 
e-j^  flowing  through  the  galvanometer  will  be 

'^  ~  rTTg- 

The  galvanometer  and  the  resistance  in  its  circuit  are  now  dis- 
connected from  B  and  C,  and  are  connected  to  A  and  B,  the  ii^th 
shunt  being  joined  up  to  the  terminals  of  the  instrument.  The 
resistance  in  its  circuit  is  then  varied  until  a  deflection  ^2>  approxi- 
mately the  same  as  d^,  is  obtained ;  then  if  Rj  ^  ^^  resistance, 
and  if  V2  be  the  potential  between  A  and  B,  and  further  if  Cj  he  the 
current  producing  the  deflection  ^2>  ^^  tiave 

Vn  1 


R2  +  g      1000  ' 

where  ^  is  the  combined  resistance  of  the  galvanometer  and  shunt. 
We  have  therefore 


but 


or 


Ci  ^  (R2  +  ^1000  ^  V, . 
c^  (R,  +  G)  ^2 ' 

V2      R' 


2  B 
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and  as 
or 

we  get 


^1     •   ^3    •   •   ^1    •   ^4  9 

«1  -'^ 

rf, 

(R, +  ff) 1000  ^  X 

rf. 

(R, +  G)         R' 

or 

(R,  +  ^)  1000  *  rfV 

The  deflectioii  obtained  between  the  points  B  and  C  was  equal  to 
320  divisions  (^),  there  being  a  resistance  of  8000**  (B^)  inserted 
in  the  circuit  of  the  galvanometer.  When  the  latter  was  connected 
between  A  and  B,  the  ttAht^^  shunt  was  inserted,  together  with  a 
resistance  of  1200**  (R,)  :  the  deflection  obtained  was  dien  eqnal  to 
810  divisions  (d^y  The  resistance  of  the  galvanometer  was  5000**  (6), 
and  the  resistance,  R,  1".    What  was  the  value  of  2;  ? 

^  ,  ,    (8000  +  5000)      820^..,.-. 
(1200  +  5)  1000  •  810  ' 

We  are  not,  of  course,  necessarily  bound  to  use  the  nAnr^h  shunt 

but  in  practice  it  would  nearly  always  have  to  be  employed. 

656.  The  degree  of  accuracy  with  which  the  test  could  be  made 

would  depend  entirely  upon  the  values  of  the  deflections  di  and  d^ ; 

and  as  we  should  endeavour  to  make  them  both  as  high  as  possible, 

that  is  to  say,  both  as  nearly  equal  as  possible,  the  percentaffe  of 

S  200 
accuracy  would  practically  be  — -^ — ,  where  8  is  the  fraction  of  a 

division  to  which  each  of  the  deflections  could  be  read. 


Note  on  the  Measubement  of  Rb6istakce. 

754.  Dr.  W.  W.  Waghom  has  pointed  out  *  that  in  the  case  of  a 
measurement  made  in  the  general  manner  indicated  in  the  forcing 
test,  the  deflections  obtained  on  the  galvanometer  when  it  is  joined 
first  between  B  and  C  and  then  between  A  and  B,  will  diiectij 
indicate   the  relative  values  of  x  and  R,  no  matter  whether  the 

*  '  Philoflophical  Magazine/  April,  1889. 
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galvanometer  has  a  high  or  a  loiv  resistance,  that  is  provided  the 
battery  E  has  a  negligible  resistance.  This  may  be  proved  as 
follows : — 

Referring  to  Fig.  245,  and  aasaming  that  the  galvanometer  is 
joined  direct  between  B  and  C,  then  the  current,  Oj,  flowing  through 
GwiUbe 

Q  ^  ^  X      ^      == .^^ 

^      R-l-    ^^         G^  +  x      RG+Ra;  +  Ga? 

G  +  » 

Ea; 


G(R +  «)'+  Ra;* 

If  now  the  galvanometer  is  placed  between  A  and  B,  i.e.  if  R  and  x 
change  places,  then  the  current,  Cg,  flowing  through  G  will  be 

r\ ^ER ^ 

^      G(«+"R)  +  a;R' 

but  the  denominators  of  the  fraction  in  both  cases  are  the  same, 
hence 

Cg      R 

that  is,  X  and  R  are  directly  proportional  to  the  current  flowing 
through  the  galvanometer  in  the  two  cases. 


Measubement  of  the  Resistance  op  Electrolytes.* 

658.  This  is  a  problem  which  has  not  as  yet  been  solved  entirely 
satisfactorily,  owing  to  the  several  reactions  which  occur  in  and  at 
the  electrode  surface  of  an  electrolyte  during  the  passage  of  a  current 
through  it. 

Apart  from  polarisation,  involving  the  presence  of  a  layer  of  air- 
bubbles,  ions,  etc.,  between  the  liquid  and  its  terminal  electrode,  it 
has  also  been  clearly  demonstrated  that  an  alteration  in  the  resist- 
ance of  the  liquid  takes  place  near  the  electrodes,  and  is  due  to  a 
radical  change  in  the  condition  of  the  electrolyte,  forming  a  small 
portion  of  the  liquid  column,  the  resistance  of  which  it  is  required  to 
measure.  Last,  but  not  least,  there  is  the  back  E.M.F.,  or  electro- 
motive force  of  polarisation,  which  is  set  up  in  opposition  to  the 
B.M.F.  of  the  testing  current. 

♦  Abstract  from  an  article  by  J.  Wright,  *  The  Electrical  Review/  Jan.  2, 1903. 

2  B  2 
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The  E.M.F.  of  pdarisation  leads  to  a  difference  of  potential  at 
each  single  electrode,  converting  the  latter,  in  point  of  fact,  into  a 
two-plate  condenser,  the  capacity  of  which  is  considerable,  and  has 
been  called  the  polarisation  capacity  of  the  electrode. 

Transitional  resistance,  caused  by  the  presence  of  air-babbles  at 
the  surface  of  the  electrodes,  may  be  eUminated  by  physical  means, 
such  as  boiling  the  electrolyte  with  the  electrodes  in  position.  Yery 
little  polarisation  trouble  is  met  with  in  cases  where  the  electrolyte 
whose  resistance  is  to  be  measured  is  a  metallic  salt,  and  the  elec- 
trodes consist  of  the  metal  itself  ;  thus  the  resistance  of  sulphate  of 
copper  or  zinc  solutions  is  approximately  determinable  by  the  ordinary 
Wheatstone  bridge  methods  of  resistance  measurement,  if  copper  or 
zinc  electrodes  amalgamated  with  mercury  be  respectively  employed 
for  the  purpose. 

One  of  the  most  conmion  methods,  which  has  been  adopted  by 
many  experimenters,  consists  in  enclosing  the  electrolyte  in  a  tube, 
and  immersing  two  platinum  electrodes  therein  at  a  definite  distance 
apart.  A  uniform  current  is  then  passed  through  the  fluid  column, 
and  the  difference  of  potential  between  the  two  electrodes  compared 
with  that  between  two  points  on  a  standard  and  homogeneous  slide 
wire,  included  in  the  circuit  and  carrying  the  same  current.  The 
capacity  of  the  electrometer,  if  such  be  used  for  the  test,  must  be 
small  compared  with  the  polarisation  capacity  of  the  electrodes,  or  a 
sensitive,  high-resistance,  reflecting  galvanometer  in  conjunction  with 
small  currents,  may  be  used  for  the  purpose.  The  effects  due  to  a 
possible  polarisation  E.M.F.  are  eliminated  by  taking  readings  for 
two  different  directions  of  the  current.  Even  this  method,  however, 
is  said  to  be  not  entirely  reliable. 

A  method  which  is  reported  to  give  excellent  results  has  been  devised 
by  Mr.  Carl  Hering,  and  was  described  by  him  in  a  paper  read  before 
the  American  Institute  of  Electrical  Engineers.  The  apparatus 
employed  for  the  purpose  consists  of  a  rectangular  tank,  built  of 
insulating  material,  such  as  waterproofed  wood  or  ebonite,  and  very 
carefully  constructed  as  to  homogeneousness  of  dimensions,  in  order 
that  the  column  of  liquid  contained  therein  may  be  of  uniform  croas- 
sectional  area.  A  suitable  scale  is  provided  along  the  upper  edge  of 
the  tank,  t.  Fig.  246,  and  two  compartments,  a  and  b,  one  at  either 
end,  are  partitioned  off  from  the  remainder  of  the  tank  by  porous 
walls.  These  two  compartments  serve  to  contain  the  main  terminal 
electrodes,  c  and  d,  the  object  of  the  porous  partitions  being  to  prevent 
the  products  of  decomposition  from  altering  the  nature  of  the  elec- 
trolyte under  test.    Since  the  latter  only  involves  the  actual  column 
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of  liquid  bounded  by  the  two  porous  walls,  a  and  6,  the  electrical 
resistance  offered  by  the  latter,  and  the  fall  of  potential  at  the  main 
electrodes,  are  immaterial,  and  may,  in  point  of  fact,  be  comparatively 
high,  without  interfering  with  the  test.  A  suitable  direct  current  is 
passed  through  the  liquid  in  the  tank,  from  the  secondary  battery,  b^  ; 
it  must  be  of  known  value,  and  be  maintained  constant  during  the 
test ;  to  this  end  the  ammeter,  o,  is  introduced  into  the  circuit.  To 
ascertain  correctly  the  difference  of  potential  between  any  two  given 
points  in  the  liquid  column,  it  is  obvious  that,  at  the  moment  of 
measuring,  there  must  be  absolutely  no  change  in  the  current  flowing 
in  that  particular  section  of  the  column,  as  otherwise  a  large  and 
variable  error  would  be  introduced  into  the  results.  With  a  view  to 
annulling  any  current  variation,  the  two  auxiliary  electrodes,  e  and/, 
which  are  adjustable  as  regards  their  parallel  distance  apart,  are  con- 
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nected  with  another  direct  source  of  electromotive  force,  E,  the  latter 
being  so  arranged  as  to  oppose  the  current  in  the  main  circuit.  A 
galvanometer,  or  current  indicator,  o,  is  also  included  in  the  auxiliary 
circuit,  whilst  a  voltmeter,  v,  is  connected  across  the  terminals  of 
the  battery,  e. 

The  details  being  arranged  as  described  above,  the  auxiliary  elec- 
trodes, e  and/,  are  moved  further  apart  or  nearer  together,  as  occasion 
demands,  until  the  indication  on  the  galvanometer,  o,  is  zero,  showing 
that  no  current  is  passing.  Then,  given  the  carrent  in  the  main 
circuit,  the  E.M.F.  of  the  battery,  E,  at  the  moment  of  balance,  and 
the  length  and  cross-sectional  dimensions  of  the  column  of  liquid 
between  the  auxiliary  electrodes,  e  and/,  it  is  possible,  by  Ohm's  law, 
to  deduce  the  actual,  or  specific,  resistance  of  the  liquid  under  test. 
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Mr.  Hering  employed  gold  as  the  moet  stiitable  niBterial  for  the  elec- 
trodes, aod,  though  only  adliBing  this  method  for  a  practical  porpose, 
where  great  accuracy  was  not  an  esseDtial,  he  found  the  figures 
obtained  by  its  means  compared  very  faTourably  with  those  which 
have  been  pnblished  from  time  to  time  by  other  experimentere. 

DiBBOT   RBADraO  POTBNTIOMBTKE. 

659.  This  instrument,  manufactured  by  Messrs.  Elliott  Bros., 
and  shown  in  general  view  by  Fig.  247,  can  be  used  for  measuring 
either  "  Current,"  "  Electromotive  Force,"  or  "  Resistance." 


The  measurement  of  current  consiete  in  determining  the  exact 
difference  of  potential  in  volts  between  the  tenninals  of  a  resist- 
ance whose  value  is  known  in  ohms,  and  through  which  the  current 
to  be  measured  is  passing,  the  value  being  given  by  Ohm's  law, 

c-|. 
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The  measurement  of  electromotive  farce  consists  in  comparing  it 
either  directly  with  that  of  a  standard  cell,  if  a  value  of  somewhat 
the  same  order  is  under  test — ^that  is  to  say,  not  exceeding  1  •  5  volts 
(an  example  given  later  explains  this)  —  or,  in  the  case  of  high 
electromotive  forces,  in  applying  the  pressure  to  the  two  ends  of  a 
high  resistance  divided  in  some  known  proportion  or  ratio,  so  that 
the  current  flowing  through  the  total  resistance  may  cause  a  fall  of 
potential  over  a  fractional  part  of  it  to  be  comparable  with  the 
E.M.F.  of  a  standard  cell,  and  this  comparison  being  determined  by 
the  potentiometer,  the  value  of  the  whole  E.M.F.  under  test  may  be 
given  in  terms  of  this  comparison,  multiplied  by  the  ratio  into  which 
the  resistance  is  divided. 

In  practice,  a  resistance  box  is  so  adjusted  that  electromotive 
forces  of  15,  150,  300,  and  600  volts,  or  any  intermediate  value,  can 
be  measured  by  choosing  the  proper  terminals  on  it. 

The  measurement  of  resistance  is  effected  by  placing  the  resistance 
to  be  tested  in  series  with  a  resistance  of  known  value,  and  then 
passing  a  constant  current  through  the  two  of  them  in  series,  wires 
being  led  from  their  terminals  to  the  potentiometer.  The  fall  of 
potential  across  the  unknown  resistance  can  be  determined  in  terms  of 
the  fall  across  the  standard  ;  and  the  current  through  the  two  being 
the  same,  the  resistance  values  are  exactly  proportional  to  these  falls  of 
potential. 

In  the  instrument,  the  measurements  and  comparisons  are  effected 
by  opposing  the  electromotive  force,  or  potential  difference,  which,  as 
was  seen  above,  is  the  value  dealt  with  in  each  case,  against  the 
potential  difference  which  exists  between  two  points  on  a  suitably 
arranged  and  divided  wire,  by  virtue  of  a  constant  current  passing 
continuously  through  the  whole  length  of  this  wire.  A  galvanometer 
placed  as  an  indicator  in  the  connection  between  the  two  opposing 
electromotive  forces,  serves  to  show  which  is  the  greater,  and,  when 
no  deflection  is  obtained,  it  shows  that  the  opposing  forces  are  equal 
in  value,  and  therefore  balanced.  As  it  is  impracticable  to  use  a 
standard  cell  to  furnish  current  uniformly  through  the  divided  wire, 
an  accumulator  cell  is  employed,  suitable  resistances,  in  the  form  of 
rheostats,  being  placed  in  series  with  the  divided  wire,  the  adjust- 
ment of  these  permits  of  any  fraction  of  the  E.M.F.  of  the  accumu- 
lator cell  being  applied  to  the  divided  wire  itself. 

The  divided  wire  in  the  instrument  is  formed  of  149  sections, 
each  about  3  inches  in  length,  and  they  are  all  adjusted  so  as  to  be 
absolutely  equal  in  resistance  one  to  the  other.  The  slide  portion 
of  the  wire  K  M  (Fig.  248)  is  extremely  short,  as  can  be  seen  in 
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Fig.  247.  IneqoAlitiea  in  the  drawing  of  this  wire  are  compenaated 
for  bj  dividing  the  scale,  over  which  arm  L  travels,  ao  that  the 
individnal  divisions  of  the  divided  wire  K  R  B  are  exact  mnltipleB 
of  the  divisions  on  the  scale.  Thus,  for  example,  the  fall  of  potential 
over  140 '  7  sections  of  the  divided  wire  is  exactly  five  times  liiat  over 
28  divisions  of  this  wire,  and  14  divisions  on  the  scale. 

Referring  to  Fig.  248,  AB  are  two  terminals,  to   which   the 
working  battery — i.e.  one  accomnlator  cell— should  be  attached. 


Fm.  246. 

At  0  is  a  small  fose,  which  serves  to  protect  the  slide  wire  from 
injury  ehonld  too  high  an  E.M.F.  be  applied  to  A  and  B  by 
accident. 

D  E  are  the  galvanometer  terminate,  and  across  these  is  connected 
a  short-drcnit  key  Z,  which  in  ite  normal,  or  free,  position  keeps  the 
galvanometer  short-circuited,  and  thus  protected  against  violent 
deflections.  A  d'Arsonval  galvanometer  (§  72)  shoold  always  be 
employed  in  all  these  tests. 

F,  6,  F^,  Gj,  Fj,  6„  etc.,  are  the  terminals  to  which  wires  leading 
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to  the  various  soaroes  of  potential  differences  to  be  compared  should 
be  attached.  A  multiple  double  pole  switch  V  permits  of  the  two 
common  bars  H  and  I  being  connected  to  any  pair  of  these  terminals 
at  will. 

The  divided  wire  B  B  B  is  laid  round  in  a  circular  position,  and 
divided  in  149  parts  of  equal  resistances,  small  contacts  being  placed 
at  each  of  these  149  points.  The  whole  of  this  part  of  the  divided 
wire,  which,  of  course,  is  the  essential  part  of  the  whole  apparatus,  is 
perfectly  protected  from  mechanical  injury  by  being  inside  the  case. 

One  extremity  N  of  this  wire — at  the  149  contact — is  connected 
to  0,  a  small  fine  adjustable  rheostat,  and  thence  to  P  and  Q,  to 
other  adjustable  rheostats  in  series,  these  being  so  proportioned  that 
the  total  resistance  value  of  0  is  rather  greater  than  that  of  one 
section  of  P,  and  so  that  the  total  value  of  all  the  sections  of  P  are 
slightly  greater  than  that  of  one  section  of  Q.  P,  Q,  and  0  are  not 
adjusted  to  any  definite  values — they  serve  simply  as  adjustments. 
In  practice,  Q,  P,  and  0  have  a  total  resistance  of  200"  approximately. 
The  divided  wire  itself,  BRR,  has  a  total  resistance  of  about 
80".  One  end  of  rheostat  Q  is  joined  to  terminal  B.  The  other 
extremity  of  the  wire  BRB  is  taken  up  through  the  top  of  the 
instrument  at  E,  where  it  is  led  round  a  curved  segment,  over  which 
the  moving  contact  arm  L  can  travel.  A  scale  is  fixed  to  the 
top  of  the  instrument,  and  a  pointer  is  attached  to  L,  so  that  when 
the  moving  contact  is  on  the  stud  K,  the  pointer  attached  to  the 
arm  L  stands  at  zero  on  the  scale.  When  the  arm  L  is  moved  till 
the  pointer  stands  at  the  figure  10,  then  the  moving  contact  has 
passed  over  a  length  of  the  divided  wire  exactly  equal  in  resistance  to 
any  of  the  other  149  sections  between  E  and  N. 

A  contact  J  can  travel  round  the  circle  of  the  divided  wire  and 
make  contact  with  any  of  the  149  small  contacts  fixed  to  it.  This 
contact  J  is  attached  to  a  large  toothed  wheel,  the  edges  of  which 
can  be  seen  in  Fig.  247  on  the  right  and  left  of  the  instrument. 
This  affords  a  ready  means  of  shifting  the  position  of  contact  J,  and 
its  position  with  reference  to  N  and  E  can  be  seen  through  a  small 
window  in  the  front  of  the  instrument,  through  which  a  number 
shows  corresponding  to  the  number  of  the  contact  on  which  J  lies ; 
a  device  is  provided  to  cause  J  to  make  contact  definitely  on  either 
one  or  other  of  any  pair  of  adjacent  contact  studs  on  the  divided 
wire.    A  wire  is  led  from  J  to  one  on  the  galvanometer  terminals  E. 

The  travelling  contact  on  arm  L  is  connected  through  a  small 
key  W  to  the  bar  of  the  multiple  switch,  the  other  bar  H  being 
connected  to  the  second  galvanometer  terminal  D. 
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The  key  is  provided  with  a  small  clamping  device,  so  that  it  can 
be  kept  down  if  desired,  and  the  galvanometer  deflections  manipn- 
lated  with  key  X.  Care  must  be  taken  that  no  source  of  E.M.F.  is 
attached  by  mistake  to  terminals  F,  G,  etc.,  as,  in  the  event  of  key  W 
being  clamped  down,  and  switch  Y  being  in  these  terminals,  a  com- 
paratively powerfal  current  might  flow  through  the  galvanometer 
and  the  slide  wire,  probably  damaging  both.  Key  W,  therefore, 
should  only  be  clamped  down  when  making  a  series  of  tests  where 
there  is  no  chance  of  a  wrong  connection  having  been  made  outside 
the  instrument. 

It  will  be  seen  that  there  exists  always  between  A  and  B  a  closed 
circuit  through  which  the  current  furnished  by  the  working  battery 
passes — from  A  through  C  to  M,  K,  R  B  R,  N,  0,  P,  Q,  and  so  to  B. 
This  circuit  is  of  variable  resistance,  owing  to  the  adjustment  of 
rheostats  0,  P,  and  Q  ;  but  in  all  cases  the  whole  of  the  wire  R  R  R 
is  in  circuit. 

Resistance  Measurement 

660.  Having  set  up  a  sensitive  galvanometer  in  any  convenient 
position,  place  the  potentiometer  on  a  steady  table,  and  carry  wires 
from  the  galvanometer  terminals  to  terminals  D  and  E  on  the 
instrument,  then  join  two  wires  coining  from  a  single  accumulator 
ceil  to  A  and  B,  taking  care  to  keep  the  polarity  right,  as  marked 
on  the  instrument. 

Suppose  it  is  required  to  obtain  the  exact  value  of  a  resistance, 
which  is  known  to  be  nearly  1~,  and  that  this  resistance  is 
capable  of  carrying  1  ampere  of  current  without  heating ;  then 
connect  this  resistance  R,  (Fig.  249)  in  series  with  a  suitable  resist- 
ance whose  value  is  known  (R.),  and  across  the  two  in  series  join  a 
large  accumulator  cell ;  if  1  ampere  should  be  too  great  a  current  to 
send  through  R,  and  R„  then  put  an  adjustable  resistance  X  X  X  in 
series  with  R,  and  R„  and  adjust  X  X  X  till  the  current  through  the 
circuit  has  a  convenient  value. 

It  should  be  borne  in  mind  that  the  greater  the  fall  of  potential 
obtained,  the  greater  the  degree  of  accuracy  in  making  the  test,  as  a 
larger  value  is  being  dealt  with,  and  therefore  a  small  percentage  of 
this  becomes  a  very  small  value  indeed. 

Having  arranged  the  resistances,  join  their  terminals  to  F6 
as  shown. 

The  resistances  of  the  connecting  wires  W WW  W  between  the 
instrument  and  R^  and  R,  are  of  no  consequence  whatever,  as  the 
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whole  method  is  one  of  balancing  opposing  forces,  and  no  carrente 
will  flow  through  these  connecting  wires  W  W  W  W,  neither  is  the 
reeietance  of  the  wires  forming  part  of  the  circoit  joining  R,  and 
R,  together,  and  to  the  rheostat  XXX  and  the  batt«ry  of  any 
consequence,  except  inasmuch  as  it  varies  the  total  amount  of 
curreot  in  the  circoit,  and  hence  the  amount  of  fall  of  potential  dealt 
with,  bnt  it  must  affect  both  R,  and  R,  eqnaUy. 

A  B  being  joined  to  the  working  battery,  and  current  flowing 
throQgh  R,  and  R„  ail  is  ready  to  balance  np  and  make  a  teat. 


Fib.  249. 


For  simplicity's  sake,  asaume  R,  to  be  1",  and  that  the  current 
passing  through  it  be  roughly  1  ampere,  then  the  fall  of  potential 
across  it  will  be  about  1  volt ;  now  this  is  practically  equal  to  one- 
half  of  the  E,M.F.  of  the  working  battery  attached  to  A  B,  bo  that 
for  a  balance  to  be  obtained,  J  (Fig.  24B)  must  be  in  such  a  position 
that  the  fall  of  E.H.F.  on  each  side  of  it  is  about  equal 

If  R,  (Fig.  249)  has  a  value  of  1,  then  it  is  convenient  to  set  J 
(Fig.  248)  BO  that  the  figure  100  appears  at  tie  window,  and  to  put 
L  so  that  its  pointer  is  at  zero ;  L  is,  of  course,  only  a  fine  adjust- 
ment, and  may  be  left  out  of  consideration  altogether  if  a  rongh  teet 
only  is  wanted. 
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Having  set  the  figure  100  at  the  window,  and  the  mnltiple 
switch  V  so  that  it  is  in  connection  with  the  terminals  F  G,  to  which 
are  attached  the  wires  leading  to  the  terminals  of  R^  the  rheostat  Q 
(Fig.  248)  should  be  adjusted  till,  on  closing  key  W  and  pressing 
down  key  X,  the  galvanometer  deflection  is  reduced  as  small  as 
possible ;  then  rheostat  P  should  be  brought  into  operation  to  still 
further  effect  a  balance,  and  finally  a  complete  balance  can  be 
obtained  by  adjusting  the  rheostat  0.  It  is  obvious  that,  for  this 
adjustment  to  be  of  any  use,  the  currents  through  the  two  circuits  be 
constant  throughout  the  tests;  it  is  therefore  always  advisable  to 
connect  on  the  accumulator  cells  shortly  before  b^inning  to  test,  so 
that  the  current  values  may  have  time  to  settle  down. 

Having  obtained  a  balance  with  100  at  the  window,  and  the  arm 
L  at  zero,  release  key  W  and  move  the  multiple  switch  till  it  is  in 
contact  with  F,  G,  and  R,  (Fig.  249)  ;  then  depress  key  W.  Should 
the  galvanometer  move  very  slightly,  then  move  arm  L  round  by 
hand,  or  by  means  of  the  fine  adjustment  screw,  until  the  galva- 
nometer stands  at  zero  once  more ;  suppose  a  balance  is  reached  with 
L  at  1-8,  then  the  value  of  R,  =  I'OOIS  in  terms  of  R,.  Should 
moving  L  to  the  left,  however,  increase  the  galvanometer  defleckion, 
then  the  large  toothed  wheel  must  be  moved  till  99  is  at  the  window, 
or  even  further,  and  the  final  balance  obtained  by  adjusting  the 
position  of  L.  Suppose  the  figure  97  shows  at  the  window,  and  L 
stands  at  8*4,  then  the  value  of  R*  in  terms  of  R.=  0*9784;  or, 
assuming  R.  to  be  1-,  then  R,=  0-9784-. 

It  will  thus  be  seen  that  the  readings  can  be  very  quickly  taken 
with  great  accuracy,  as  in  practice  a  further  figure  than  those  given 
can  easily  be  read. 

It  is  advisable  always  to  move  the  multiple  switch  back  to  F  G, 
and  take  a  reading  on  R,  with  100  at  the  window  and  L  at  zero,  in 
order  to  see  that  no  alteration  has  taken  place  in  the  balance  at  this 
point  owing  to  variation  in  either  of  the  currents,  due  to  heating  of 
wires,  bad  connections,  or  the  like.  In  practice  it  is  easy  to  make  a 
large  number  of  tests  without  any  appreciable  alteration  in  the 
original  balance  taking  place. 

Any  alteration  must,  of  course,  be  compensated  for  by  a  small 
movement  of  rheostat  0  ;  or,  if  necessary,  by  rheostat  P  as  well. 

The  foregoing  describes  how  a  resistance  can  be  measured  when 
its  value  is  very  near  to  that  of  the  standard  with  which  it  is  com- 
pared; but  suppose  R,  is  only  about  one-third  of  an  ohm,  then, 
keeping  the  original  conditions  of  balance,  the  figure  83  must  appear 
at  the  window,  and  the  arm  L  stand  about  8  f  or  R.  to  balance — ^in 
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other  words,  the  mstrument  becomes  direct  reading  in  terms  of  the 
standard. 

Suppose  R,  is  aboat  1*4'',  then  140  must  appear  at  the  window, 
and  so  on. 

Suppose  R,  is  1"7*,  or  in  fact  anything  over  1*5,  which,  of 
course,  is  the  highest  figure  obtainable  at  the  window  and  arm  L, 
then  either  a  2**  standard  must  replace  the  1**  standard  at  B«,  or,  if 
B^  remain  1"",  it  must  be  balanced  lower  down  on  the  potentiometer — 
say  50 — by  interposing  greater  resistances  in  the  rheostats  P,  Q,  and 
O  (Fig.  248)  ;  then,  assuming  a  balance  on  B,  with  50  at  the  window 
and  arm  L  at  zero,  if  B.  is  1*710**  it  will  balance  with  85  at  the 
window  and  arm  L  at  5  on  the  scale. 

From  the  diagram  (Fig.  248)  it  will  be  seen  that  resistance  can 
always  be  added  outside  the  instrument  itself  between  terminal  B 
and  the  working  battery  should  rheostats  P  and  Q  not  afford  range 
enough  in  some  special  cases. 

Now  suppose  that  in  the  case  of  B,  we  ha^e  a  resistance  which, 
instead  of  being  exactly  1**,  has  a  value  of  0*9998,  and  it  is  desired 
to  get  the  value  of  B.  in  ohms.  All  that  is  necessary  is  to  balance 
B^  in  the  first  instance,  with  99  at  the  window  and  arm  L  at  9  *  8  ; 
then,  evidently,  the  resistance  which  would  balance  with  100  at  the 
window  and  arm  L  at  zero  would  be  accurately  1**. 

The  above  describes  how  single  ohms  can  be  compared.  It  is 
quite  obvious  that  half-a-dozen  1"  resistances  could  be  joined  in 
series,  a  suitable  increase  in  the  battery  available  to  pass  current 
through  them  being  made,  and  wires  being  joined  to  the  other 
available  terminals  Fg,  Gr^,  etc.,  etc. 

A  test  can  be  run  round  the  set,  and  any  desired  one  chosen  as  a 
standard,  and  their  values  all  taken  out. 

For  measurement  of  lower  values — say  0*001**,  the  method 
described  above  is  followed  out  exactly,  only  naturally  when  B.  and 
B^  (Fig.  249)  are  about  0*001,  a  much  larger  current  must  be 
employed,  and  special  care  taken  to  ensure  solid  and  reliable  con- 
nections for  the  main  current,  and  suitably  disposed  "  potential " 
points  for  the  connection  of  wires  leading  to  F,  G,  etc. 

Suppose  B,  to  have  a  value  of  0  *  001",  and  to  have  500  amperes 
through  it,  then  the  fall  of  potential  across  it  will  be  i  volt. 

Balance  with  rheostats  P,  Q,  and  0  as  before,  with  100  at  the 
window  and  arm  L  at  zero ;  then  when  B,  is  connected,  if  balance 
is  obtained  with  99  at  the  window  and  arm  L  at  8*1,  the  value 
of  B,  is  equal  to  0-0009981*'. 

This  measurement  is  made  with  accuracy  quite  equal  to  that  of 
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the  tests  of  single  ohms,  as  it  is  the  falls  of  potential  which  are  oom- 
pared,  and  not  the  resistances  themselves ;  bat  the  resistances  are 
proportional  to  these  falls,  inasmach  as  the  resistances  being  joined 
in  series,  the  same  current  passes  through  both. 

Currmt  Measurement. 

661.  In  Fig.  250  the  working  batter j  is  joined  to  A  and  B,  as  in 
the  previous  test,  a  standard  cell  is  joined  np  to  F  0,  through  a  high 
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resistance  to  prevent  any  appreciable  current  being  taken  off  the  celL 
The  current  to  be  measured  passes  through  the  resistance  standard 
RE. 

First,  if  the  electromotive  force  of  the  standard  cell  be  assumed, 
at  the  temperature  at  the  time  of  test,  at  1  *  484  volts,  then  set  figures 
148  at  the  window,  and  arm  L  at  4  on  the  scale.  Rheostats  P,  Q, 
and  0  must  be  manipulated  till  a  balance  is  obtained  on  depressing 
key  W,  when  the  multiple  switch  V  is  on  the  terminals  F  G,  then 
each  movement  of  the  toothed  wheel  means  0*01  volt,  and  the 
movement  of  arm  L  from  1  to  2  or  2  to  8  on  the  scale  means 
0-001  volt. 

The  fall  of  potential  across  resistance  R  R  can  be  rapidly 
determined.  Suppose  the  current  is  about  500  amperes,  and  we 
know  the  value  of  R  R  to  be  0*001^  exactly,  then  if  a  balance  is 
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obtained  with  the  multiple  switch  V  on  P^  Gp  with  50  at  the  window 
and  arm  L  at  1 '  65  on  the  scale,  the  current  through  B  R  is  equal  to 
501*65  amperes. 

Suppose,  again,  that  the  current  is  about  1  ampere,  and  that  we 
know  the  value  of  R  B  to  be  I*  exactly,  then,  the  potentiometer 
being  balanced  as  before,  we  maj  find,  when  the  multiple  switch  Y 
is  put  at  F  6,  that  a  balance  is  obtained  with  101  at  the  window  and 
the  arm  L  at  3  *  65  on  the  scale — ^the  current  through  B  B  is  then 
equal  to  1*01365. 

Electromotive  Force  Meamr&ment, 

662.  Fig.  251  shows  the  connections. 

The  working  battery  is  connected  to  A  B  as  usual,  the  standard 
cell  and  resistance  to  F  6. 


Fio.  251. 


The  small  separate  resistance  box  is  employed,  the  two  terminals 
marked  "  Potentiometer  "  being  connected  to  F^  G^,  wires  attached  to 
the  source  of  electromotive  force  to  be  measured  being  connected  to 
terminals  on  this  box,  according  to  the  various  ranges  used.  The 
terminals  marked  "  Potentiometer ''  have  between  them  a  small 
fractional  part  of  the  whole  resistance  in  the  box. 

Setting  the  figure  148  at  the  window,  and  arm  L  at  4  on  the 
scale  as  before,  when  a  balance  is  obtained  with  the  multiple  switch 
on  the  standard  cell  at  F  G,  then   each  movement  of  the  toothed 
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wheel  means  0*01  volt,  and  0*0001  corresponds  to  the  small  whole 
divisions  on  the  scale. 

Suppose  an  electromotive  force  of  about  100  volts  is  to  be 
measured,  the  positive  wire  should  be  joined  to  the  terminal  marked 
+  on  the  separate  resistance  box,  and  the  other  to  the  terminal 
marked  150.  Then,  having  balanced  as  above,  the  instrument  is 
direct  reading  in  volts ;  that  is  to  say,  if  a  balance  is  obtained  with 
101  at  the  window  and  arm  L  at  5  *  8  on  the  scale,  then  the  electro- 
motive force  under  test  equals  101*58  volts.  For  readings  using 
the  +  to  15  terminals  on  the  separate  resistance  box,  the  readings 
must  be  divided  by  10  ;  if  using  terminals  +  to  800,  readings  must 
be  multiplied  by  2  ;  if  using  +  to  600,  multiply  by  4. 

Supposing  it  is  desired  to  determine  exactly  an  electromotive  force 
of  about  2  *  2  volts.  Obviously,  if  the  standard  cell  is  balanced  with 
148  at  the  window  and  4  on  the  scale,  the  range  of  the  potentiometer 
is  insufficient  to  compare  this  directly.  If  the  terminals  +  to  15  on 
the  separate  resistance  box  are  used,  then  the  electromotive  force  of 
2  *  2  volts  would  balance  with  figure  showing  at  the  window.  For 
great  accuracy,  the  following  method  may  be  adopted : — 

Connect  two  accumulator  cells  in  series  to  A  B  ;  then  with  switch 
V  (Fig.  248)  on  F  G,  corresponding  to  the  terminals  of  the  standard 
cell,  adjust  P,  Q,  and  0  so  that  a  balance  is  obtained  with  71  at  the 

window  and  arm  L  at  7  on  the  scale  ( — - —  =  0'717).     A««iiTniTig 

that  the  electromotive  force  of  the  standard  is  taken  at  1  '434  volts 
at  the  working  temperature,  then  let  wires  be  brought  from  the 
source  of  electromotive  force  to  be  tested  to  terminals  F^  6^ ;  then, 
if  a  balance  is  obtained  on  moving  the  multiple  switch  to  F^  6^,  with 
111  at  the  window  and  arm  L  at  4  on  the  scale,  the  value  of  the 
electromotive  force  under  test  =  1*114  x  2  ==  2*228  volts;  that  is 
to  say,  with  the  standard  balanced  at  the  position  corresponding  to 
half  its  value,  all  readings  at  the  window  and  scale  must  be  double 
to  obtain  correct  values  in  volts. 

This  process  can  be  carried  further,  but  not  more  than  6  volts 
should  ever  be  applied  to  A  B. 

The  Silvbetown  Coiupound  Key  for  Cable  Testino. 

668.  This  key,  designed  by  Mr.  J.  Rymer  Jones,  and  which  is  in 
general  use  in  the  testing  rooms  of  the  India  Rubber,  Outta  Percha 
and  Telegraph  Works  Company,  Silvertown,  is  an  excellent  arrange- 
ment, and    greatly  facilitates   the    execution    of    the  "Inductive 
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capacity "  and  "  Insulation "  tests  of  insulated  wires  or  of  cables ; 
it  is  particularly  useful  when  a  large  number  of  wires  have  to  be 
tested.    The  apparatus  (Fig.  252)  consists  of  two  keys,  of  the  form 

CaJUe 
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shown  by  Figs.  179  and  181,  pages  849  and  851,  mounted  on  one 
base. 

Supposing  the  connections  to  be  made  as  shown  by  the  figure, 
then  in  order  to  measure  the  "discharge"  from  the  cable,  levers 
C  and  D  are  set  in  the  positions  shown.  Lever  B  is  now  pressed 
to  the  left,  so  that  its  projecting  piece  n  comes  in  contact  with 
lever  A ;  the  brass  tongue  of  lever  B  is  then  in  contact  with  b,  so 
that  the  small  battery  (about  10  Daniell  cells),  whose  zinc  pole  is 
joined  to  lever  B,  is  connected  to  the  cable.  If  now  lever  A  is 
pressed  over  to  the  right,  then  lever  B  is  also  moved,  and  the 
tongue  of  the  latter  consequently  leaves  b  whilst  the  tongue  of  A 
comes  in  contact  with  a,  and  thus  puts  the  cable  in  connection  with 
the  galvanometer.  As  the  second  terminal  of  the  galvanometer  is 
connected  to  the  piece  c  d,  the  circuit  is  completed  to  earth  through 
d  and  the  tongue  of  lever  D. 

To  measure  the  discharge  from  a  condenser,  one  terminal  of  the 
former  would  be  connected  to  the  piece  a  b  and  the  other  terminal 
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to  earth ;  the  manipolation  of  the  levers  would  of  coarse  be  the  same 
as  in  the  case  of  the  cable. 

To  take  the  "  Insulation  '*  test  (page  442)  of  the  cable,  levers  A 
and  B  would  be  set  over  to  the  right,  so  that  the  tongue  of  lever  A 
is  in  contact  with  a,  whilst  the  tongue  of  B  is  disconnected  from  b. 
The  short-circuit  key  of  the  galvanometer  being  closed,  lever  G  is 
now  pressed  over  to  the  right,  so  that  the  tongue  of  lever  G  comes 
in  contact  with  c,  whilst  the  tongue  of  lever  D  becomes  disconnected 
from  d ;  the  zinc  pole  of  the  leurge  battery  thus  becomes  connected 
through  c  with  one  terminal  of  the  galvanometer,  and  as  the  other 
terminal  is  connected  (through  lever  A  and  a)  with  the  cable,  the 
circuit  is  complete.  The  short-circuit  key  of  the  galvanometer  is 
now  depressed,  and  the  deflections  noted  in  the  usual  manner  (page 
444).  As  soon  as  the  observations  are  completed  the  short-circuit 
key  of  the  galvanometer  is  raised,  and  lever  D  being  pressed  ov^  to 
the  left  the  battery  becomes  disconnected  from  the  galvanometer 
terminal,  and  the  latter  is  connected  to  earth,  so  that  the  cable 
dischai^es  itself. 

Particular  care  must  be  taken  that  the  short-circuit  key  of  the 
galvanometer  is  raised  before  lever  D  is  pressed  over  to  the  left, 
otherwise  the  whole  discharge  from  the  cable  will  pass  through  the 
galvanometer  coils,  and  the  needles  may  either  be  demagnetised  or 
at  least  the  "  constant "  of  the  instrument  be  altered. 


Savage's  Gable  Testing  Eet.* 

664.  This  key,  designed  by  Mr.  H.  Savage  (W.  T.  Henley's 
Telegraph  Works,  Ltd.),  has  for  its  object  the  elimination  of  correc- 
tions for  the  leads,  etc.,  in  cable  testing.  The  correction  for  the 
testing  lead  always  introduces  an  element  of  uncertainty,  and  limits 
the  degree  of  accuracy  of  cable  tests.  This  is  small  in  the  case  of 
insulation  tests  where  the  insulation  of  the  cable  is  very  low  compared 
with  the  lead,  but  may  be  considerable  where  it  is  very  high.  In 
measuring  electniication  (page  444)  by  calculating  the  percentage 
difference  between  the  first  and  second  minutes'  readings,  if  the 
difference  is  small,  the  lead  introduces  a  considerable  element  of 
uncertainty.  Loss  of  charge  tests  are  also  affected  by  the  same 
cause.  Again,  in  looking  over  records  of  tests,  it  is  often  necessary 
to  check  the  calculations  in  order  to  see  if   the  leads  have  been 
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allowed  for.  To  get  rid  of  these  difficulties  Mr.  Savage  adopted  an 
extension  of  Price's  guard-wire  system  (page  449),  the  guard  being 
applied  thronghont  the  whole  length  of  the  testing  lead ;  this  being 
effected  by  using  a  lead  with  a  surrounding  or  concentric  conductor, 
which  is  also  insulated.  The  inner  conductor  is  joined  in  circuit 
with  the  galvanometer,  while  the  outer  conductor  is  connected  direct 
to  the  battery.  As  the  inner  and  outer  conductors  are  at  practically 
the  same  potential,  there  will  be  no  leakage  between  them,  either 
radially  or  over  the  ends,  and  consequently  there  will  be  no  deflection 
on  the  galvanometer.  There  is  the  full  potential  difference  of  the 
battery  between  the  outer  and  earth,  but  any  leakage  there  may  be 
is  not  seen,  as  it  does  not  pass  through  the  ^vanometer.  Fig.  258 
shows  the'  arrangement.    The  outer  conductor  is  brought  to  a  key, 
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which  is  linked  by  an  insulating  bridge  to  the  usual  battery  key. 
For  simple  insulation  tests  only,  the  outer  may  be  brought  direct  to 
the  usual  battery  key,  thus  avoiding  any  special  apparatus.  In 
taking  capacity  tests  by  discharge,  or  in  loss  of  charge  tests  (Fig.  254), 
it  is  necessary  to  charge  the  two  conductors  together  and  to  insulate 
them  simultaneously,  but  to  discharge  the  outer  direct  to  earth 
immediately  before  discharging  the  inner  through  the  galvanometer. 
To  do  this  the  guard  key  should  touch  the  top  contact  immediately 
before  the  line  key,  and  the  outer  being  thus  reduced  to  zero  potential 
when  the  inner  is  discharged,  there  will  be  no  deflection  due  to  the 
lead. 

665.  The  concentric  lead  has,  incidentally,  several  advantages. 
Anyone  with  experience  of  testing  is  aware  of  the  annoyance  and 
uncertainty  produced  by  the  inductive  action  of  neighbouring  leads 
which  are  being  charged  or  discharged,  causing  "kicks"  in  the 
galvanometer  reading ;  the  concentric  lead  affords  complete  shielding 
from   such  disturbance.     A  further   advantage   is   that    the    two 
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conductorB  may  be  used  for  conductor  resifitance  or  loop  tests  without 
the  necessity  of  running  a  second  lead  ;  also  the  outer  forms  a  ready 
means  of  applying  the  guard  to  cable  ends,  as  before  stated. 

666.  Fig.  255  shows  the  actual  form  of  the  key,  and  Fig.  256 
the  arrangement  of  the  connections.  The  battery  is  connected  by 
means  of  a  commutator,  B  0,  through  a  '*  safety  *'  resistance,  B  B,  to 
terminals  1  and  2  ;  this  safety  resistance  prevents  the  battery  being 
short-circuited  in  the  event  of  the  outer  insulator  breaking  down. 
The  galvanometer,  6,  is  connected  through  the  concentric  lead,  O  L, 
universal  shunt,  IT  S,  and  reverser,  G  R,  to  terminals  3  and  4. 
A  and  B  are  two  independent  levers,  while  C  is  connected  by  an 
insulated  link,  L,  to  D.  H,  I,  J,  and  K  are  brass  plates  with  suitable 
platinum  contacts.  The  left-hand  side  is  practically  a  Rymer-Jones 
key,  except  that  A,  instead  of  being  the  line  terminal,  is  brought  to 
J.  The  inner  conductor  of  the  lead  is  brought  to  7,  the  outer  to  6, 
and  the  earth  wire  to  5.  S  C  is  a  brass  strip  short-circuiting  the 
galvanometer;  this  strip  can  be  lifted  up  by  an  ebonite  rod,  T, 
pivoted  at  0,  and  working  between  stops  at  P.  F  is  a  tapper  which 
can  be  sUd  along  the  bar  under  P,  keeping  the  galvanometer  open 
during  the  tests  ;  in  the  position  shown  it  will  be  seen  that  the  line 
is  earthed.  By  putting  a  plug  in  B  G  the  plate  H  becomes  charged ; 
if  the  handle  of  A  is  now  moved  over  to  the  right,  the  outer  con- 
ductor is  charged  directly  through  lever  C  and  the  inner  through  S  C. 
By  depressing  F,  S  C  is  lifted,  and  the  current  passes  to  the  inner 
conductor,  through  the  galvanometer.  For  the  capacity  test,  the 
lever  D  is  moved  over  to  the  right,  charging  both  conductors ;  on 
switching  back,  the  outer  conductor  is  discharged  to  earth,  and  the 
inner  through  the  galvanometer.  The  distances  between  I,  J,  and  K 
are  arranged  so  that  the  outer  is  discharged  immediately  before  the 
inner.  There  is  sufficient  distance  between  the  contacts  to  allow  the 
lead  to  remain  insulated  for  the  loss  of  charge  test,  and  the  proximity 
of  the  handles  permits  of  the  short-circuit  and  discharge  keys  being 
manipulated  with  the  fingers  of  the  same  hand.  It  is  possible,  with 
a  free  lead,  to  move  the  levers  into  any  position  without  producing 
any  eifect  on  the  galvanometer. 

667.  For  a  joint  test,  the  outer  conductor  is  removed  from 
terminal  6  and  connected  to  earth.  The  trough  can  then  be  tested 
for  loss  of  charge,  using  a  battery  of,  say,  10  cells.  Having  done 
this,  the  cable  is  connected  to  terminal  6  and  the  link  L  removed ; 
then  by  switching  over  lever  C  the  joint  is  charged  and  the  throw 
observed,  proving  the  connections  to  be  in  order.  Lever  D  is  now 
brought  to  the  middle  or  insulating  position,  and  the  leakage  through 
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the  joint  accomnlates  in  the  lead,  which,  after  the  lapse  of  a  minnte, 
is  discharged  through  the  galvanometer,  the  deflection  obtained  being 
then  compared  with  the  nsual  standard  length  of  good  core. 

668.  In  the  latest  pattern,  the  key  shown  to  the  right  of  Fig.  255 
is  omitted,  and  a  separate  short-circoit  key,  connected  to  terminals 
3  and  4,  is  nsed  in  its  place,  as  this  is  foond  to  be  a  more  convenient 
arrangement. 

669.  It  should  be  remarked  that  the  arrangement  is  not  appUc- 
able  to  "  wire  to  wire  "  capacity  tests,  as  the  capacity  of  the  "  outer  " 
introduces  an  error. 


Method  of  Testino  Batteries  in  the  Postal  Telegraph 

Department. 

Direct  Reading  Battery  Testing  Tnetruments. 

670.  One  form  of  apparatus  (devised  by  Mr.  A.  Eden)  employed 
in  the  Postal  Telegraph  Department  for  battery  testing,  is  shown  by 
Figs.  257  and  258.  It  consists  of  two  adjustable  sets  of  resistance 
coils  Bi  and  B^  (B  and  B,  Fig.  257),  R^  being  in  the  direct  circuit 
of  one  coil  of  a  tangent  galvanometer  *  G,  and  Rg  being  a  shunt 
between  the  terminals  of  the  battery  E  when  the  key  k  is  depressed. 
There  is  also  a  shunt  S  of  fixed  resistance  connected  through  the 
second  coil  of  the  galvanometer  and  to  the  key  k,  as  shown.  The 
values  of  the  resistance  coils  forming  Rj  are  429",  SSS**,  1716% 
8482**,  6864**,  and  18,728**  respectively ;  that  is,  they  are  in  the 
proportion  of  1  :  2  :  4  :  8  :  16  :  82.  In  circuit  with  R^  is  a  fixed 
resistance  r^  of  269*,  which,  together  with  the  resistance  of  the  half 
coil  of  the  galvanometer,  namely  160**,  makes  up  269  +  160  =  429** ; 
this  resistance  r^  is  external  to  R^,  so  that  when  all  the  plugs  are 
inserted  in  the  latter,  r^  still  remains  in  circuit. 

Electromotive  Force  Test, 

671.  The  principle  of  the  method  of  testing  for  electromotive 
force  is  as  follows  : — 

The  adjustment  of  the  galvanometer  is  made  such,  that  2| 
milliamperes  of  current  passing  through  the  half  coil  will  give  a 

*  This  galvanometer  is  the  same  as  that  employed  for  making  the  daily 
morning  tests  (Figs.  22  and  238,  pages  27  and  595). 
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deflection  of  100  divisions.  The  electromotive  force  of  a  Daniell  ceU 
is  1*08  volt ;  if,  therefore,  such  a  cell  were  in  circnit  with  a  total 
resistance  of  432*",  the  resulting  current  will  be 


1-08  X  1000 
482 


-  2*5  milliamperes. 


A  Daniell  cell,  therefore,  assuming  its  resistance  to  be  3"  approxi- 
mately, if  joined  up  as  shown  by  Figs.  257  and  258,  that  is  with  a 
resistance  in  circuit  of 

160  +  269  +  8  =  482*, 
would  give  on  the  galvanometer  a  deflection  of  100  divisions,  that  is 
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Fig.  258. 


provided  the  electromotive  force  of  the  cell  were  fully  up  to  1*08 
volt ;  any  less  deflection  than  100  divisions  will  indicate  directly  the 
percentage  value  of  the  actual  electromotive  force.  If,  say,  5  Daniell 
cells  were  in  circuit,  and  also  a  total  resistance  of  5  x  482**,  then  the 
deflection  obtained  should  still  be  100  divisions,  provided  each  of  the 
five  cells  had  an  electromotive  force  of  1*08  volt ;  and  it  is  evident 
that  if  with  a  still  larger  number  of  cells,  there  were  placed  in  circuit 
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a  total  resistance  as  many  times  greater  than  432**  as  there  are  cells 
to  be  tested,  then  if  the  average  electromotive  force  per  cell  of  the 
battery  were  1'08  volt,  the  deflection  obtained  would  still  be  100 
divisions.  If  the  deflections  were  less  than  100,  it  would  show  that 
the  average  electromotive  force  per  cell  of  the  battery  must  be  pro- 
portionately less  than  1  *  08  volt. 

A  Bichromate  battery  would,  when  tested  in  the  same  manner, 
give  a  deflection  of  200  divisions,  if  in  good  condition,  since  the 
electromotive  force  of  a  Bichromate  cell  is  exactly  double  that  of  a 
Daniell,  i.e.  the  force  is  2  •  16  volt,  whilst  its  resistance  is  approxi- 
mately the  same. 

Similarly  a  Leclanch^  battery,  which  has  an  electromotive  force 
per  cell  of  1  •  62  volt  approximately,  would  if  in  good  condition  give 
a  deflection  of  150  divisions,  since 

1-08  :  100  ::  1-62  :  150. 

In  order  to  enable  the  percentage  of  fall  in  force,  to  which  a 
deflection  less  than  150  divisions  corresponds,  to  be  at  once  deter- 
mined, a  table  is  provided. 

Resistance  Test 

672.  Referring  to  Fig.  258,  when  the  key  k  is  raised,  the  whole 
of  the  current  from  the  battery  will  flow  through  the  galvanometer. 
If  C  be  this  current,  then 

E'  being  equal  to  Rx  +  r^  +  |[ ,  ^  being  the  resistance  of  the  half 

coil  of  the  galvanometer. 

When  key  k  is  depressed,  then  the  total  current,  C,  passing 
through  the  two  coils  of  the  galvanometer  will  be 


C  = =.-  .-  X 


Il,A        R2  +  -A.      r(Rj  +  A)  +  RjA' 
R2  + A 


where 


R^+^" 
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8'  being  equal  to  S  +  ^ ,  so  that 

Q,  _  _  E  Ro 

ERj^'+^') 

"  r[Ris(R'+  S')  +  R'S'J+RjR'S" 

If  Ro  be  adjusted  so  that 

C  =  C', 

then  we  get 

E      _  ERjCR'+S') 


Wa'y 


r  +  R'      r  [R2(R'+  S')  +  R'S']  +  RjR'S 
or 

(r  +  R')  Rj  (R'  +  S')  =  r  [Rg  (R'  +  S')  +  R'  S']  +  R,  R'  S', 

therefore 
rRsj(R'+  S')  +  RjR'^  +RgR'S'=  rR^CR'H-  S')  +  rR'S'+  RjR'S', 

therefore 


Ro  R'«  =  r  R'  S', 


therefore 


r  =  R'^. 


Since 


we  have 


R'=R,  +  r,  +  |,    and,    S'=S  +  ^, 

Now  r  (the  total  resistance  of  the  battery)  is  equal  to  the  resist- 
ance per  cell,  /,  moltiplied  by  the  number,  n,  of  cells  of  which  the 

battery  is  composed ;  if,  therefore,  we  make  R^  +  r^  +  ^  directly 

proportional  to  the  number  of  cells,  as  we  do  in  the  case  of  the 
electromotive  force  test,  that  is,  if  we  make 
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where  ic  is  a  oonstant ;  then  sinoe 

r  =^  nr' 
we  get 


or 


S  +  ^ 
2 


/  = 


«^f 


Now  for  every  cell  being  tested  the  resistance  included  in  ciicoit 
in  making  the  electromotive  force  test  is  432**,  that  is  k  =  432,  so 
that 

2 


0 

Bmtt7 

© 


e 


©      (S 


© 


© 


Fio.  259. 

If  now  a  fixed  value  be  given  to  8  +  ^ ,  then  /  will  be  in  direct 

proportion  to  Rj.    The  fixed  value  is  preferably  the  highest  value 
which  Ri  +  fi  +  f  will  have,  which  will  be  60  x  432,  or  25,920-,  so 

that 


^'=^2  2,7 


Jt82_  ^  R2. 
60  X  432       60  ' 
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that  is  to  SBy,  the  resistance  per  cell  of  the  battery  beiog  tested  is 
^th  the  reaietance  of  the  shunt  Rj.  If,  therefore,  the  resistances 
of  which  Rj  18  composed  are  marked  witli  values  which  are  ^th  of 
their  actual  values,  then  those  marked  values  will  give  at  once  the 
resistance  per  cell  of  the  battery  under  test. 

673.  An  improved  form  of  apparatus  based  on  the  foregoing,  has 
been  devised  by  Mr.  A.  Eden,  and  is  shown  by  Figs.  259  and  260. 


Fio.  260. 


In  Fig.  259,  R  are  tbe  resistances  which  are  inserted  in  circuit 
in  proportion  to  the  number  of  cells  to  be  tesbed,  B  are  the  resist- 
ances for  shunting  the  battery.  6  is  a  switch  which  can  be  turned  to 
three  different  positions  according  as  Bichromate,  Daniell,  or  Leclaach^ 
batteries  have  to  be  tested.  This  switch  shunts  the  galvanometer, 
30  that  the  normal  deflection  for  each  of  the  three  descriptions  of 
batteries  shall  be  100,  instead  of  200, 100,  and  150,  as  is  the  case  with 
tbe  form  of  apparatus  shown  by  Figs.  257,  256,  page  681.  a  is  a 
plunger  key  corresponding  to  key  k  in  the  apparatus  last  referred  to. 


Rymbe-Jonbr'  Beidge. 


i — ®—^^-^ — r-jt. 


674.  Fig.  261  shows  the  Rymer-Jones'  "  Universal  Shunt"  (page 
116)  arranged  as  a  Wheatstone  Bridge,  for  which  purpose  it  is  well 
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adapted.     In  this  case  the  conductor  resistance,  C,  is  given  bj  the 

formula  ^    ,  ^  r^r^r, 

C=*10i«00.--"ohms 
n 


CoNDUOTOR     Resistance     Measurements     when     Earth     or 

Le^eaob   Currents   are    Present. 

Hay's  Method, 

675.  The  difficulty  which  is  experienced  in  measuring  the  resistance 
of  a  circuit  when  an  earth  or  leakage  current  from  some  external 
source  is  present  can  (as  shown  by  Mr.  Hay  of  the  Postal  Telegraph 
Department),  in  certain  cases,  be  overcome  by  joining  a  condenser  in 
series  with  the  Galvanometer  of  the  Wheatstone  Bridge.  In  this  case 
the  galvanometer  key  is  held  down  and  the  resistance  in  the  rheostat 
arm  of  the  bridge  is  varied,  until,  on  moving  the  battery  key  up  and 
down,  no  throw  is  produced  on  the  galvanometer.  When  ttus  balance 
is  obtained,  the  usual  Wheatstone  Bridge  formula  can  be  applied. 

A  test  made  by  this  method  is  not  susceptible  of  extreme 
accuracy,  owing  to  the  galvanometer,  under  these  conditions,  being 
insensitive,  but  the  results  can  generally  be  relied  upon,  with  care, 
to  within  about  2  per  cent.,  the  test  being  made  with  a  battery  of 
20  volts,  and  using  a  galvanometer  of  the  form  Fig.  18,  page  23, 
and  it  enables  a  measurement  to  be  made  when,  under  ordinary  con- 
ditions, owing  to  the  presence  of  the  leakage  or  earth  current,  a 
measurement  is  quite  impracticable. 

In  making  the  test,  however,  there  should  be  no  electro-magnets 
in  the  line,  as  their  self-induction  will  cause  a  kick  on  the  galvano- 
meter, even  if  the  bridge  is  correctly  balanced.  A  similar  effect 
would  be  produced  if  the  line,  the  resistance  of  which  is  being 
measured,  possessed  considerable  capacity.  The  method  is  only 
adaptable,  therefore,  when  applied  to  short  lines. 

If  the  external  current  fluctuates  in  strei^h,  the  needle  might 
be  affected,  even  though  the  bridge  were  balanced.     In  such  cases 

the  —  ratio  arms  should  be  used,  as  with  these  values  the  effect  of 
the  fluctuations  in  the  leakage  current  is  reduced  to  a  minimum. 

The  Evershed  Msooer. 

676.  The  general  principle  of  this  most  useful  instrument,  which 
is  called  a  Megger  from  the  fact  that  it  is  designed  to  measure  high 
resistances  in  megohms,  is  shown  by  Fig.  262. 
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P  P  and  G  C  are  two  coils  at  right  angles  to  each  other ;  N  is  a 
magnetic  needle.  In  circuit  with  the  coil  C  C  is  a  resistance  X. 
Y  is  a  sonrce  of  cnrrent.  If  we  assume,  in  the  first  instance,  the 
resistance  X  to  be  equal  to  0  and  the  two  coils  to  have  equal 


t* 


^^ 


mp 


■AAWWWWA— V 


Pig.  262. 


resistances  and  equal  magnetic  effects,  then  the  resultant  of  these 
two  effects  will  be  such  as  to  bring  the  magnetic  needle  to  a  position 
making  an  angle  of  45*"  with  the  coils.  If,  now,  resistance  be  added 
at  X,  then  the  current  in  P  P  will  preponderate,  and  the  resultant 
magnetic  field  will  be  shifted  in  position,  so  that  the  magnetic  needle 


Fio.  268. 


will  now  take  up  a  position  at  a  less  angle  with  C  C,  and  at  a  greater 
angle  with  P  P.  This  angle,  in  fact,  will  be  proportionate  to  the 
value  of  X,  and,  moreover,  it  will  be  quite  independent  of  the  value 
of  the  current  from  V. 
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In  applying  this  principle  (originally  invented  by  PiofessoiB 
Ayrton  and  Perry),  Mr.  Evershed,  instead  of  fixing  t^e  two  coilii 
at  right  angles  to  each  other  and  using  a  movable  magnetic  needle, 
arranges  the  various  parts  as  shown  by  Fig.  263,  using  a  magneto- 
generator  to  produce  the  testing  current     In  this  combination,  one 
magnetic  circuit  provides  a  field  for  both  the  two  coils  and  for  the 
generator ;  and  the  two  coils  of  the  former,  known  respectively  as 
the  pressure  and  current  coils,  are  mounted  on  a  moving  axle  at  a 
fixed  angle  to  one  another.    The  current  coil  is  made  to  move 
through  an  annular  gap  in  such  a  manner  that  the  field  in  which  it 
moves  is  uniform,  whereas  the  pressure  coil  moves  from  a  position 
midway  between  the  poles,  where  the  field  is  at  a  minimum,  into  a 
stronger  and  stronger  field,  the  coil  being  so  wound  as  to  resist  this 
motion,  brought  about  by  a  stronger  and  stronger  current  through 
the  current  coil.    It  follows  from  this  arrangement  that  when  there 
is  no  current  in  the  current  coil,  that  is  to  say,  when  the  resistance 
in  series  with  it  is  infinite,  the  pressure  coil  will  settle  down  with  its 
plane  at  right  angles  to  the  magnetic  field,  that  is,  midway  between 
the  two  poles.     When  the   current  through  the  current  ooil  is 
increased  by  gradually  lowering  the  resistance  in  series  with  it,  the 
current  coil  gradually  drags  the  moving  system  round  in  a  clockwise 
direction  ;  and  since  the  pressure  coil  comes  into  a  stronger  and 
stronger  field,  the  resistance  to  this  motion  becomes  greater  and 
greater.    By  this  arrangement  a  very  great  range  is  secured  without 
the  necessity  for  shunting  the  current  coil,  or  putting  resistance  in 
series  with  the  pressure  coil. 

The  fact  that  the  instrument  is  of  the  Moving  Coil  type  tends  to 
prevent  errors  from  external  fields,  and  an  ingenious  system  of 
winding  the  pressure  coil  entirely  eliminates  what  little  effect  remains. 
The  only  thing  to  be  feared  from  external  fields  is  the  actual 
demagnetisation  of  the  magnetic  circuit,  but  it  is  found  in  practice 
that  the  instrument  may  be  subjected  to  very  large  fields  with- 
out risk. 

The  size  of  the  instrument  is  6|^  x  6^  x  12  in.,  and  the  weight 
18  lbs.  By  a  proper  design  of  the  bobbins  on  which  the  coils  are 
wound,  the  movement  is  rendered  absolutely  aperiodic,  consequently 
a  reading  can  be  obtained  in  an  instant,  and  there  is  no  hesitation 
about  the  movement  of  the  index  pointer ;  further,  the  necessity 
for  levelling  the  instrument  disappears. 

An  incidental  advantage  of  the  combination  of  the  coils  and 
generator  in  one  box  is  the  fact  that  the  vibration  of  the  generator 
is  sufficient  to  keep  the  pivoting  entirely  free.    This  has  enabled 
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both  tihe  pivots  of  the  inatrameDt  to  be  made  spherical,  and  as  la^e 
as  a  good-flized  pinhead,  whilst  there  is  no  trace  of  friction  error. 

The  great  difficulty  with  Moving  Coil  apparatoa  of  the  kind 
has  hitherto  been  to  secnre  that  the  current  shall  be  led  into  the 
ooila  withoQt  introdncing  any  appreciable  control ;  for  it  is  obvions 
that  any  control  other  than  that  dne  to  the  two  coils  will  introduce 
errors  depending  npon  the  voltage  apphed  to  the  two  circoits.  In 
the  Megger  this  difficulty  is  overcome  by  the  ose  of  extremely  fine 
leading'in  stripe,  whoee  control  is  of  the  order  ^  part  of  the 
control  dne  to  the  pressnre  coil. 

A  feature  in  the  combination  hae  been  secured  by  applying  the 
prindple  of  Price's  Guard  Wire  (page  449)  to  all  the  insulation  of 
the  instrument. 

Owing  to  the  various  improvements  introduced,  and  also  to  the 
very  lai^  energising  force  obtained  with  the  instrument,  and  the 
elimination  of  friction,  it  has  been  possible  to  make  the  apparatus 
capable  of  measnring  accurately  resistances  as  high  as  2000  megohms. 


Fio.  261. 

ExtemaUy,  and  so  far  as  the  user  is  concerned,  the  M^ger  is 
simply  a.  snbetantial  teak  box  (Fig.  264),  with  a  window  in  the  top 
through  which  the  ohnuneter  dial  is  seen.  The  generator  winch 
handle  is  at  one  end  of  the  box.  On  the  side  of  the  box  are  two 
terminals  clearly  marked  Lms  and  £abth.  To  test  the  insula- 
tion of  a  circoit  it  is  only  necessary  to  set  the  Megger  down  on  a 
fairly  level  base,  connect  the  circuit  wires  to  the  line  and  earth 
terminalB,  and  give  the  winch  handles  half-a-dozen  rapid  turns, 
when  the  index  promptly  comes  to  rest  and  points  to  the  insulation 
leaiBtance  in  one  or  two  seconds  ^tu  the  start 
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Thb  Evbbshed  Bbidge-Meqqeb. 

677.  The  Bridge-Megger,  aa  its  oame  implies,  ia  an  instromeDt 
ivhich  combinea  the  functioDS  of  a  Megger  (page  636)  with  those 
of  a  Wheatstone  Bridge  (page  230).  As  a  Megger,  it  ia  used  for 
determining  by  direct  deflection  on  the  dial  any  resistance  between 
0  and  40  megohms,  the  first  division  representing  5000'.  The 
generator  is  of  the  Constant  Volts  type,  and  is  provided  with  two 
windings,  which  for  Megger  measnremehts  are  conpled  in  aeries  and 
give  500  volts. 

Fig.  265  is  a  general  view  of  the  instmment.  Two  switches  are 
fitted  on  the  right-hand  end ;  one  of  these  is  a  two-way  Change- 
over Switch,  which  can  be  set  either  to  "Megger"  or  "Bridge," 
while  the  other  ia  a  Ratio  Switch  for  varying  the  proportion  of  the 


two  ratio  arms  when  the  instrument  ia  oaed  as  a  Wheatstone  Bridge. 
By  tnrning  the  "  Change-over  "  Switch  to  "  Bridge,"  the  connectiona 
of  the  inatmment  are  altered  in  anch  a  manner  aa  to  convert  the 
ohmmeter  of  the  Megger  into  the  galvanometer  of  a  Wheatatone 
Bridge.  \Mien  coupled  in  this  manner  and  uaed  in  connection  with 
a  Direct-Reading  Reaiatance  Box  (on  the  left-hand  side  of  Fig.  265), 
any  resistance  from  I  ohm  to  nearly  1  m^ohm  may  be  determined 
to  a  high  degree  of  accuracy.  In  addition  to  changing  the  ohmmeter 
into  a  galvanometer  and  switching  the  arms  of  the  bridge  into  their 
appropriate  places  in  the  circuit,  the  "Change-over"  Switch  couples 
the  two  windings  of  the  generator  in  parallel  In  order  to  increase 
the  current  which  it  is  posaible  to  obtain  from  the  machine.     The 
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"  Katio  Switch  "  alters  the  proportion  of  the  ratio  arms  of  the  Bridge 
in  snch  a  manner  as  to  make  the  valne  of  the  resistance  under  t^t 
either  equal  to  that  of  the  resistance  box  or  one-tenth  or  one- 
hundredth  of  that  amount,  thus  providing  a  long  range  of  sensibility. 

The  resistance  box  contains  four  sets  of  coils — ^units,  tens, 
hundreds  and  thousands — and  consequently  reads  up  to  9999^.  By 
the  use  of  the  ratio  switch,  differences  of  0*01**  in  the  resistance 
under  test  can  be  represented  by  units  in  the  box. 

The  adjustment  of  the  resistance  in  the  box  is  effected  by  four 
multiple  point  switches,  each  carrying  a  figure  dial  arranged  to  show 
(through  a  window  in  the  top  plate)  a  digit  representing  -the  position 
of  the  switch.  The  total  resistance  of  the  box,  from  terminal  to 
terminal,  is  thus  given  directly  in  a  row  of  figures. 

Combined  Resistances. 

678.  Problem. — Required  the  joint  resistance  of  the  resistances 
a,  by  a?,  dy  and  ff,  between  the  points  A  and  B  (Pig.  266). 


£ 
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If  we  call  R  the  resistance  of  the  combined  resistances  between 
the  points  A  and  B,  then  what  we  have  to  do  is  to  obtain  an 
equation  of  the  form 

_      ^ 

Now  it  is  obvious  that  the  value  of  R  can  be  in  no  way  dependent 
upon  the  value  of  r ;  hence  in  order  to  simplify  the  problem  we  may 
assume  r  to  be  equal  to  0. 

2  T 
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By  EirchoifB  laws  (page  200)  we  have  the  following  six  equa- 
tions, showing  the  connection  between  the  resistances  a,  6,  r,  d^  and 
(/y  the  current  strengths,  ^,  c^^  c^,  ^4,  C5,  and  Cq,  and  the  electromotiTe 
force  E  : — 

c^-c^-c^^O  [1] 

^4-<^rt-Ci  =  0  [2] 

^3  +  ^6-/2  =  <>  M 

Cjrf  +  Cjft-E  -  0  [4; 

Cia-c^b-c^g  =  0  [r»^ 

c^d'C^x-Cf^ff  =  0  [6] 

In  order  to  determine  the  value  of  c^  from  these  six  equations, 
we  must  first  find  the  value  of  c^  from,  say,  equation  [1],  and  sub- 
stitute this  value  in  the  other  equations,  thereby  getting  rid  of  c^ ; 
again  in  like  manner,  if  we  find  the  value  of  c^  from,  say,  equation 
[8],  and  substitute  throughout,  we  get  rid  of  €2^  and  so  on.  As  it 
will  be  unnecessary  to  show  all  these  substitutions,  we  shall  confine 
ourselves  to  one  or  two  only.    Thus  from  equation  [1]  we  have 


^6  -  «i  -  f'i  =  0,    or,    f  1  =  f r,  -  fa ; 

therefore  we  get 

^A  -  ^.}  -  ^5  +  ^'1  =  ^^ 

"2" 

fs  +  c^-^i  =  0 

y 

Tg  rf  +  c^  ^  -  E  =  0 

\' 

c^a-c^a-c^b-c^g  =  0 

'b' 

c^d-c^x-e^g  =  0. 

[6] 

By  continuing  this  process,  we  at  length  get 

Cr,a-c.^a-c,^b-c,,g-{a  +  b)     ~^^J  =  0 


and 


c,x^c,,g-{ii+x)^^^^-^^i); 


therefore 

Cf^ {a d  A-  bd  -\-  bg  +  dg)  =  r^, {ab  -^  (Hi)  -  E{a  -^  b) 
and 

^(^(p9  +  dg  ■\'  bx  ■\-  hd)  =  -  ''sC'^a^  +  dx)  +  E(flf  +  x). 

By  dividing  one  equation  by  the  other,  c^  is  eliminated,  that  is, 
we  get 

ad  +  bd  -\-  bg  +  dg  ^     Cr^{ab  +  arf)-E(a  +  b) 
bg-\-dg-\-bx-^bd       -Cr^i^bx  -\-  dx)  -\-  E(d  +  x)^ 
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or 
^  E 

^'^  ~  {ab-\-ad){bg  +  dg  +  bX'k-bd)  +  (bx  +  dx){ad+bd-{-bg-{-dgy 

{d-\-x){ad+bd-hbg  +  dff)+la  +  b){bff  +  dg  +  bx+bd) 

By  dividing  the  numerator  and  denominator  of  the  fraction  below 
the  thick  line  hj  a  +  x,  we  finally  get 

IB 

^^  ~^[(«  +  aj)  +  (*  +  c?)]  t  ?*(^  +  x)^-^  dx{a  +  b) ' 
^  [(a  +  a;)  +  (6  +  d)^  +  (a  +  b)(jd  +  x) 
that  is  to  say, 

The  combined  resistance  of  the  resistanceSi  a,  b,  c^  d,  x,  and  I 

^,  between  A  and  B  I 

^  ^ [(fl  +  a;)  (b  -^  d)"]  -^  ab (d  +  x)  +  dx{a  +  ^) 
^  [(«  +  a;)  +  (*  +^j]  +  (a  +  ^)  (i  +  x) 

It  will  be  observed  that  if  ^  =  oo ,  that  is  to  say,  if  we  remove  g^ 
then  we  get 

Combined |        g [{a -^  x) {b  -¥  d)"]    ^    {a  +  x){b  +  d) 
resistance  I      ^ [(a  +  x)  +  (ft  +  rf)]      {a  +  x)  +  {b  ^  d)' 

which  is  the  joint  resistance  of  {a  +  x)  and  {b  +  d). 

If  we  have  ^  =  0,  that  is  to  say,  if  we  join  together  the  two 
points  connected  by  ^,  then  we  get 

Combined^  ^ab(d  +  x)  •\-  dx(a  •\- b)  ^     ab     ,      dx 
resistance  I  {a  +  b){d  +  x)  'aVb      TVx ' 

which  is  the  joint  resistance  of  a  and  ft,  added  to  the  joint  resistance 
of  d  and  x. 

The  truth  of  these  simplifications  is  obvious. 

Combined  Condensers. 

679.  Problem. — Required  the  joint  electrostatic  capacity  of  two 
or  more  condensers  joined  up  in  "  cascade." 

Let  a,  ft,  and  <;,/,  Fig.  267,  be  the  plates  of  the  two  condensers; 
then  if  we  suppose  these  plates  to  be  of  equal  size,  and  d^  and  d^  to 
be  the  distances  separating  them,  the  respective  capacities  C^  and  Cj 
will  be  in  the  proportion 

Ci  :  Cg  : :  ^2  =  ^i» 

2  T  2 
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or 


^2     _    1 


Now  the  plates  b  and  c,  being  joined  together,  may  be  considered 
to  be  one  plate,  as  shown  bj  the  dotted  line  bc^  Fig.  268  ;  moreover, 
as  the  latter  plate  is  in  no  way  connected  with  either  of  the  charging 
wires  +  and  - ,  it  practically  does  not  affect  the  joint  capacity  of 


k--^-4 


+, 
^ 


K&.1 


.r^       4". 


a 


L.rf».. 


.(U.X 


Fio.  267. 


^\0 


Fig.  268. 


the  arrangement ;  hence  we  can  represent  this  joint  capacity  as  being 
due  to  a  condenser  formed  of  the  plates  a  and  /,  separated  by  a 
distance  di  +  d^.  The  capacity  Cx  of  the  combination  must  there- 
fore be  given  by  the  proportion 


or 


C.  = 


Cx  :  C'l  :  :d^  :  d^  +  e?^* 

Ci^     ^ 1 

di  +  ^2 


1     +       ^2 

Ci      C,  d. 


Ci      c 


2 


If  we  had  a  third  condenser  of  a  capacity  C3,  in  the  circuit  of 
Ci  and  Cg,  then  the  joint  capacity  C';^  of  this  condenser  in  com- 
bination with  C'„  must  be 


C'    = 


1_+   1      A  +i  +1/ 

as         ^8        ^1         v>2       Kjo 


and  so  on  with  any  number  of  condensers.     Hence  we  have  the 
law : — 

The  joifit  electrostatic  capacity  of  any  number  of  condensers  joined 
togetlier  in  "  cascade  *'  is  equal  to  the  reciprocal  of  the  sum  of  the 
reciprocals  of  tlieir  respective  capacities. 
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Elkotrostatic  Capacity  of  Aerial  Lines. 

680.  If  we  have  two  wires  having  diameters  d^  and  d^  respec- 
tively, suspended  in  space,  the  distance  between  their  axes  being  2  h  ; 
then  the  electrostatic  capacity  between  the  two  wires  will  be 

kI        ^ 

where  I  is  the  length  of  the  wires,  and  k  a  constant,  whose  numerical 
value  is  dependent  upon  the  units  in  which  I,  h,  d^,  and  d^  are 
expressed. 

If  the  wires  are  of  equal  diameter,  that  is,  if  both  wires  are,  say, 
of  a  diameter  d,  then  the  above  equation  becomes 

kI  kI  kI 

~   16 ^2  =     -  /4 ^\2  =  ';~ ih' 


^'^-dT      ^^Ht)       '^"^-5 


Since  at  every  point  in  a  plane  equidistant  from  the  two  wires 
the  potential  must  be  zero,  and  the  electrostatic  capacity  between 
this  plane  and  either  of  the  wires  (since  the  distance  is  one-half 
that  between  the  wires)  must  be  twice  that  between  the  wires,  it 
follows  that  the  capacity  of  a  wire  of  diameter  d  suspended  alone 
at  height  h  above  the  ground  (this  representing  the  plane  referred 
to,  and  h  being  fialfih.^  distance  between  the  wires),  must  be 

1^1      X   2  =  ~'^^- 

o  1      4  A  ,     4  A 

2  log  J  log.^ 

The  mean  value  of  k  obtained  from  actual  experiments  on  lines 
in  this  country  is  0*0616  ;  I  being  expressed  in  miles,  and  h  and  d 
in  mils,  the  resulting  answer  being  in  microfarads. 

For  example. 

What  is  the  electrostatic  capacity  per  mile  of  an  aerial  wire 
112  mils  in  diameter  and  30  feet  above  the  ground  ? 

d  =  112  mils.    A  =  30  X  12  X  1000  =  860,000  mils.     I  =  1. 
Blectroetatic)  -0616  x  1  0616  ^  .,^5,  ^^j^.^ 


capacity  per 
mile 


,      4  X  360,000      4-109 
^^  112 


*  The  proof  of  this  equation  is  complex,  and  is  beyond  the  soope  of  this  book, 
t  This  value,  it  may  be  stated,  is  that  of  an  aerial  copper  wire  weighing 
200  lb.  per  mile. 
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Practical  Measurement  by  Kcmpe's  Mellwd. 

681.  The  practical  measurement  of  the  electrostatic  ovpacitj  of 
an  aerial  line  by  an  ordinary  discharge  method  ig  often  a  matter 
of  considerable  difScnlty,  owing  to  the  loss  of  charge  which  tiikes 
place  daring  the  time  the  lever  of  the  discharge  key  is  moving 
from  the  battery  to  the  galvanometer  contact,  the  insulation  re- 
sistance of  an  aerial  wire,  except  in  very  dry  weather,  being  com- 
paratively low.  It  is  best,  therefore,  to  make  the  test  by  the  method 
shown  by  Fig.  269.  The  line  the  electrostatic  capacity  of  which 
is  required,  is  joined  up  to  the  point  c  of  a  Wheatstone  bridge,  earth 
« being  connected  to  E,  as  shown.  E  is  a  double  key  which,  in  its 
normal  position, 'closes  the  battery  circuit,  and  aho  short-circuiU  the 


Eartiu 


■^i^ 


Fig.  269. 


galvanometer  ;  the  contacts  of  this  key  are  so  set  that  on  depressing 
the  latter  the  galvanometer  short  circuit  is  opened  a  moment  before 
the  battery  circuit.  A;  is  a  supplementary  key  which  enables  the 
short  circuit  to  be  opened  without  opening  the  battery  circuit 
The  following  is  the  method  of  making  the  measurement : — 
Key  k  is  depressed  and  the  resistances  are  adjusted  until 
balance  is  obtained  as  nearly  as  possible  on  the  galvanometer; 
k  is  then  raised,  and  the  galvanometer  being  thus  short-circuited 
the  needle  comes  exactly  to  zero.  On  depressing  key  K  the  short 
circuit  is  opened  and  immediately  afterwards  the  battery  circuit 
is  broken,  the  result  being  that  although  exact  resistance  balance 
may  not  have  been  obtained  as  regards  the  four  arms  of  the 
bridge,   yet    the   interval    between    the   opening  of  the    galvano- 
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meter  short  circuit  and  the  battery  circuit  is  so  extremely  brief, 
that  the  needle  has  no  impulse  given  to  it  from  this  want  of 
balance,  but  the  throw  which  it  receives,  and  which  is  due  to 
the  discharge  from  the  line,  is  practically  entirely  due  to  this 
discharge.  Moreover,  as  the  latter  takes  place  at  the  instant  the 
battery  circuit  is  broken,  the  loss  due  to  the  low  insulation  of  the 
line  is  reduced  to  a  minimum ;  and  this  loss  cannot  be  material 
unless  the  insulation  resistance  is  extremely  low,  as  the  whole  charge 
would  practically  dischai^e  through  the  combined  resistances  formed 
by  the  bridge,  since  these  resistances  would  be  small  compared  with 
the  insulation  resistance. 

After  the  discharge  from  the  line  has  been  noted,  the  latter 
is  disconnected  from  c,  and  a  condenser  is  joined  across  c  and  E, 
as  shown  by  the  side  figure ;  a  discharge  is  then  taken  from 
this  condenser,  which  discharge,  compared  with  that  obtained 
from  the  line,  gives  by  direct  proportion  the  capacity  of  the  line  in 
terms  of  the  capacity  of  the  condenser,  as  will  be  understood. 

It  may  be  added  that  in  practice  this  method  of  measurement  is 
found  to  give  very  satisfactory  and  reliable  results. 

The  values  which  should  be  given  to  the  arms  a,  b,  d,  and  r  of 
the  bridge  will  depend  upon  the  length  of  the  line  being  tested,  and 
also  upon  the  sensitiveness  of  the  galvanometer ;  the  values  are  best 
found  by  trial. 

Measurement  of  the  Coefficient  of  Self-Induction. 

Kbmpe's  Method.* 

682.   If  r  (Fig.  270)   be   an   electiromagnet   of   resistance  r  in 
circuit  with  an  external  resistance  R,  then  if  we  excite  this  magnet 
by  a  current  of  strength  0,  the  discharge 
which  will  take  place  from  the  magnet 
if  it  be  allowed  to  discharge  itself   the  'Hffif 

moment  the  exciting  current  is  taken  off,  ^,1^1     *~-^^  ,_ 

will  be  directly  proportional  to  C,  inversely  B  r 

proportional  to  the  total  resistance  R  +  r,  Fia.  270. 

through  which  the  discharge  takes  place, 

and  directly  proportional  to  a  coefficient  which  is  dependent  upon  the 
make  of  the  magnet,  i.e.  its  shape,  the  number  of  convolutions  of  its 
coils,  etc. ;  this  constant,  which  is  called  L,  is  the  coefficient  of  self- 
induction  of  the  magnet. 

*  'The  Electrical  Beview,'  April  12th,  1899. 
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If  ^  be  the  qoantitj  in  coalombs  (page  89)  discharged  from  the 
magnet,  then 

Supposing  now  we  have  a  condenser  (Fig.  271)  of   F  farads 
capacity  shunted  by  a  shunt  of  S  ohms  resistance,  and  let  there  be  a 

current  of  C  amperes,  flowing  through  Bj 
^  and  S,  then  if  0  be  the  potential  difference,  in 

^^—  L^  volts,  between  the  terminals  of  the  condenser, 

/  \  the  charge  in  the  condenser  will  be 

'  F  e  coulombs. 

Pio.  271. 

If  the  chaining  current  be  now  cut  off 
and  the  condenser  be  allowed  to  discharge  itself  through  B^  and  S, 
the  quantity  q^  discharging  through  R^  will  be 

but  since  the  current  flowing  through  B^  and  S  is  equal  to  C,  we 
have 


therefore 


C  =  ^,     or,     6-CS; 


^i  =  F/f'    .  [B] 


Ri  +  S' 
By  combining^  [A]  and  [B]  we  get 

q  ^  Jj        B^  +  S     : 
q^      FS^  •    B  +  r  ' 

therefore 

L  =  FS2^  .  ^^+-;. 

q^      Ri  +  S 
If  B  -f  r  is  made  equal  to  B^  +  S,  then 

L  =  FS2-^-. 

683.  In  order  to  measure  q  and  q^  the  arrangement  shown  by 
Fig.  272  was  devised,  and  is  found  to  answer  its  purpose  very 
satisfactorily.  It  is  an  arrangement  similar  bo  that  devised  for 
measuring  electrostatic  capacities,  page  646. 
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The  magnet  r  (whose  coeflUcient  of  self-induction  is  required)  and 
a  resistance  r^  are  joined  up  in  one  arm  of  a  Wheatstone  Bridge,  as 
shown. 

The  key  k  being  depressed,  the  resistance  d  is  adjusted  until 
balance  is   obtained   as   nearly  as  possible   on  the  g^vanometer ; 


^ 


Fig.  272. 


key  k  is  then  raised,  and  when  the  galvanometer  needle  has  come 
exactly  to  zero,  key  K  is  depressed,  and  the  throw,  d^,  due  to  the 
discharge  from  the  magnet  r  is  noted.  A  shunted  condenser  (see 
right-hand  figure)  in  circuit  with  a  resistance  rg,  is  then  substituted 
in  the  place  of  the  electromagnet  and  resistance  r^,  and  the  throw, 
^29  with  the  same  is  obtained  in  a  similar  manner  to  that  in  the 
case  of  the  electromagnet.    Then 

L  =  FS^^-, 

since  d^  and  d^  are  proportional  to  q  and  q^. 

The- resistances  r^  and  r^  (which  must  have  no  self-induction) 
are  used  in  order  to  enable  the  throws  in  the  two  cases  to  be  made 
approximately  the  same  if  the  condenser  F  is  not  an  adjustable 
one  ;  but  these  resistances  must  be  such  that 

Tj  +  r  =  r^  +  S. 

It  is  evident  that  by  increasing  r^,  and  diminishing  S,  the 
portion  of  the  discharge  from  the  condenser  which  passes  through 
the  galvanometer  can  be  reduced  to  any  required  extent.  If  it 
should  happen  that  the  discharge  from  the  condenser  when  rj  is 
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equal  to  0,  is  smaller  tlian  the  discharge  from  the  electromagnet, 
then  we  can  diminish  the  latter  discharge    by  increasing  r^,  8 
being  of  course  increased  so  as  to  make  S  =  r^  +  r. 
Although,  strictly  speaking,  the  equation 

L  =  FS^'^i 
^^ 

is  only  correct  when 

a  d  =  b(r^  +  r), 

yet  the  error  due  to  d  being  slightly  out  is  extremely  small,  and 
practically  does  not  affect  the  correctness  of  the  final  result. 

As  in  practice  F  is  expressed  in  microfarads  and  not  farads,  the 
exact  value  of  L  is  given  by  the  expression 


L  =  FS2^  -t-  1,000,000. 


d. 


The  name  given  to  the  unit  of  self-induction  by  Professor  Ayrton  is 
the  ^'  seoohm,*'  but  the  name  *^  henry  "  is  now  assigned  to  this  noit. 
As  the  submultiple,  ^  of  the  henry,  the  "  millihenry  "  (rM*^ 
henry)  is  found  more  convenient  for  practical  use,  we  have 


/  =  F  82  ^1  -t-  1000  millihenries. 
do 


For  example. 


In  an  experiment  made  with  an  electromagnet  of  400*  resistance 
(r),  the  values  of  F,  ^,  ^,  r^,  fj,  and  S  were  1  microfarad,  45  divi- 
sions, 275  divisions,  600*,  200*,  and  800*,  respectively ;  what  was 
the  value  of  I? 

/  -  1  X  800  X  800  X  -  _  ^  1000  =  104  •  7  millihenries. 

275 

If  the  self-induction  is  such  that  the  discharge  current  lasts  for 
an  appreciable  time,  it  may  be  necessary  to  employ  a  ballistic 
galvanometer  (page  86)  in  making  the  measurements. 


Mbasurbmbnt  of  the  Sblf-Induction  of  a  Tblboeapu 

Wire  Loop. 

684.  The  measurement  of  the  self-induction  of  a  telegraph- 
wire  loop  presents  the  difficulty  of  there  being  the  factor  of 
inductive  capacity,  as  well   as  of  self-induction,  to  be  dealt  with, 
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and  the  problem    is   to  separate  the   one  from   the  other.     This 
may  be  done  in  the  following  manner  : — 

First  join   up  the  two  wires  (which   will  afterwards  form  the 
loop)   as  shown   by   Fig   273 ;  R  being  a  resistance  equal  to  that 


J 


4 


■•j 


T 


Fig  273. 


of  the  wire  loop.  In  this  case,  regarding  the  two  wires  as  the 
two  plates  of  a  condenser,  then  the  potential  difference  between 
any  one  point  on  one  wire  and  the  adjacent  point  on  the  other 
wire  will  be  the  same  all  along  the  length  of  the  wires.  If  then 
we  call  Y  this  potential  difference,  the  charge  held  by  the  wires 
will  be  represented  by  the  area  1,  8,  4,  5,  that  is  by 

V  ^ 

2' 

Now  on  depressing  key,  K,  the  whole  of  this  charge  will  discharge 
itself  at  the  ends  1,  2,  of  the  wires ;  the  portion,  Q,  of  this  flowing 
through  the  combined  resistance  of  a,  by  g^  and  d  (which  combined 
resistance  we  will  call  R^),  being 


Q  =  V 


rR 


R 


2    •  Ri  +  R' 


[A] 


Next  loop  the  wires  as  shown  by  Fig.  274,  and  remove  the 
resistance  R  between  1  and  2.  Under  these  conditions,  since  the 
resistance  between  the  points  1  and  2  remains  unaltered  (for  the 
resistance  R  has  been  replaced  by  the  i*esistance  of  the  looped  wires, 
to  which  R  is  equal),  the  potential  difference  between  points  1  and 
2  will  remain  unaltered ;  but  this  potential  difference  will  decrease 
along  the  loop  up  to  3,  at  which  point  (since  two  adjacent  points  on 
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the  two  wires  are  at  this  place  joined  together  by  the  looping  of  the 
wires)  the  potential  difference  will  be  zero.  The  charge  held  by  the 
two  wires  will,  in  fact,  in  this  case  be  represented  by  the  tnongle 
1,  8,  5. 


5r 


,    d'X 


T----^ ^ 


2 


-«-• 


■^ 


X 


Fio.  274. 

Now  a  vdx  h^  9k  differential  part  of  the  charge,  then  when  the 
key  E  is  depressed,  since  2  ( --  -  a;j  is  the  resistance  of  the  loop 

6,  3,  7,  and  Rj  +  R  is  the  resistance  of  the  whole  looped  circait 
(Rj  being  the  combined  resistance  of  a,  ^,  g^  and  d)^  a  portion  of 
this  part,  namely 

'"^-'-i^-ri."' 

will  flow  throagh  the  combination  of  resistances  R^.    And  since 

V*.     R     R 

2        2 


or 


R 


v  =  V 


-  X 

R 

2 


therefore 


2 


rfQ  =  V 


/R         \ 
(2-0 


(R,  +  R)| 


dx. 


and  the  integral  of  this  between  the  limits  a;  =  R  and  2;  =  0  will  give 
the  quantity  Q  flowing  out  at  1.    As  the  foregoing  equation  is  of  the 
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same  form  as  equation  [1],  page  539,  we  can  see  at  once  (from  [2], 
page  589)  that  integration  will  give  the  value  of  Q  as 

^^''  ■(r,  +  r7|^=^'^*«.+'R"'^"^'^>-^^ 

which  is  one-third  of  the  quantity  [A]  discharged  in  the  case  of 
Fig.  278. 

Hence  we  see  that  if  the  discharges  in  cases  Fig.  273  and 
Fig.  274  are  due  to  electrostatic  capacity  only,  then  the  discharge 
in  the  case  of  Fig.  273  will  be  exactly  three  times  as  great  as  in  the 
case  of  Fig.  274. 

Now  actually  in  the  case  of  Fig.  274  we  have  also  a  discharge 
due  to  self-induction,  this  discharge  being  in  the  reversB  direction  to 
the  static  discharge ;  hence  if  D  be  the  observed  discharge  obtained 
in  the  case  shown  by  Fig.  273,  and  d  that  in  the  case  of  Fig.  274,  then 
if  dy^  be  the  amount  of  the  discharge  due  to  self-induction,  we  must  have 

,       D       ,      D  -  3  rf 
^3  3 

In  order  to  reduce  the  result  corresponding  to  dyto  millihenries, 
we  must  obtain  a  discharge  deflection  d^  with  a  condenser  of  F 
microfarads  capacity,  this  condenser  being  connected  in  the  place  of 

the  two  wires  ? ,  ^ ,  Fig.  273.     We  then  get 

/  =  F  R2  ^1  -r-  1000  =  F  R2  ^^£~~  mUlihenries. 
d^  3000  rfj 

For  example. 

On  a  looped  underground  telegraph  line,  23  miles  long,  the 
following  values  of  F,  R,  D, «?,  and  rfg  were  noted  : — 

F  =  ird  mf.      R  =  200".      D  =  96.     rf  =  -  54.*      d^  =  30. 

What  was  the  self-induction  per  mile  of  the  loop  ? 

/  =  i  X  200  X  200  X  ^^l--(^L>i.z5t)  =  -^i^i^^x  200  x  258 
^  3000  X  30  3  X  3000  x  30 

=  38-22  =  '^^'^^  =  1-662  millihenries. 

23 

^  This  deflection  most  be  taken  as  mtniM,  as  it  was  in  the  opposite  direction 
to  the  other  deflections. 
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685.  Tests  for  self -indaction  of  ,  long  lengths  of  line  cannot  be 
made  satisfactorily  by  this  method,  as  on  long  lines  the  static 
discharge  so  greatly  preponderates  that  it  swamps,  as  it  were,  the 
self-induction  discharge,  and  the  effect  of  the  latter  on  the  readings 
becomes  barely  noticeable.  On  the  other  hand,  if  the  line  is 
extremely  short,  then  the  self-induction  preponderates,  but  then  its 
value  is  so  small  that  it  gives  but  a  very  small  discharge  effect,  and 
moreover,  this  small  effect  is  barely  noticeable  on  the  galvanometer 
in  consequence  of  the  fact  that  the  conductor  resistance  of  the  line 
being  low  (through  the  line  being  short)  it  acts  as  a  shunt  and 
allows  only  a  small  portion  of  this  small  discharge  to  pass  through 
the  galvanometer ;  recourse  must  be  had  in  such  a  case  to  the 
"  Secohmmeter  "  (page  656). 

Mbasurbment  op  Mutual  Induction. 

68G.  This  is  a  comparatively  easy  measurement  to  make. 

Let  a  and  b  (Pig.  275)  be  two  wire  loops,  through  one  of  which, 


•V-^ 


Pio.  275. 


a,  a  current  is  sent  by  means  of  a  battery,  E,  there  being  a  resistance, 
R,  in  the  circuit. 

If  C  =  current  flowing  in  the  loop,  fi  the  coefficient  of  mutual 
induction  between  the  two  loops,  then  if  ^  be  the  quantity  dis- 
charged through  b  on  raising  or  depressing  key  K,  we  have 


9  +  r 


Now  if  V  be  the  potential  difference  between  the  ends  of  R,  then 


C  = 


V 
R* 
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or. 

Having  noted,  then,  the  deflection  due  to  q,  take  the  galvanometer 
off  and  connect  it  between  the  ends  of  B,  there  being  in  circuit 
with  the  galvanometer  a  condenser  of  F  microfarads  capacity  (see 
small  figure).  In  this  case  on  raising  or  depressing  key  K,  a  dis- 
charge deflection  will  pass  through  'the  galvanometer  due  to  the 
condenser  F  being  chained  to  a  potential  Y,  with  a  quantity  g^, 
so  that 

y,  =  VF,     or    V  =  ^i. 
Hence 


or 


^       FR(.(/  +  r)' 


,.=  FR(i7  +  r)?^. 


For  q  and  q^  may,  of  course,  be  substituted  the  discharge  deflections 
d  and  ^  due  to  those  quantities,  and  if  F  is  in  microfarads,  then 


ft  =  -     .T.„     '   .  -  millihenries. 


FR(^+r)      d 
1000        '  di 

Far  example. 


If  in  a  measurement,  F  =  J  microfarad ;  R  =  100^  i  ff  +  r 
==  160** ;  <?  =  70  divisions  ;  di  =  120  divisions  ;  then 

i  X  100  X  160  X  70       o  1 1      -nu 

u  =  ? z-rx:rT TTTT —  =3-11  millihenries. 

^  10000  X  120 

687.  Owing  to  capacity  and  self-induction  effects  being  both 
present  in  a  line,  whether  overhead  or  underground,  very  misleading 
results  may  be  obtained  unless  care  is  taken  to  dissociate  the  two. 
The  capacity  effect  is  in  direct  proportion  to  the  length  of  the  line, 
that  is  to  say,  the  discharge  obtained  with  a  given  battery  power  will 
increase  in  direct  proportion  to  the  length  of  the  line,  since  this  will 
be  dependent  upon  the  potential  difference  at  the  two  ends  of  the 
line  ;  but  the  self  or  mutual  induction  is  dependent  upon  the  strength 
of  the  current  flowing,  and  for  a  given  battery  power  (of  negligible 
resistance)  this  will  of  course  vary  directly  in  inverse  proportion  to 
the  length  of  the  line.    Hence  it  follows  that  the  mutual  induction 
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effect  is  the  same  for  a  long  as  for  a  short  line,  whilst  aa  the  capacity 
effect  increaeea  directly  as  the  length,  this  on  a  long  line  entirely 
swamps  the  mntual  induction.  On  the  other  hand,  if  the  line  is 
short  the  mntual  induction  will  preponderate.  To  eliminate  capacity 
effects,  therefore,  mutnal  induction  measurements  require  to  be  made 
on  veiy  short  lines. 

The  Secohmheter. 

fi88.  This  instrument  (devised  by  Professors  Ayrton  and  Peny) 
is  a  most  valuable  apparatus  for  measuring  self-induction,  eepeciallj 
when  the  latter  is  of  small  dimensions. 

The  apparatus  consists,  in  the  first  place,  of  two  rotary  com- 
mutators, each  with  four  stationary  brushes.  The  commntatArg 
are  on  the  same  spiodte,  one  at  the  front  and  the  other  at  the  back 
of  the  apparatus  (one  seen  in  Fig.  '276),  but  for  convenience  tbey 


Pw.  276. 

are  shown  in  Figs.  277  and  278  as  if  they  were  in  the  same  hori- 
eontal  plane.  One  commntotor,  fl  C,  is  for  periodicaUy  reversing 
the  galvanometer  connections,  and  the  other,  B  C,  for  reveising 
the  battery  connections.  An  adjustment  is  provided  for  enabling 
the  relative  positions  of  the  two  sets  of  brushes  to  be  varied,  bo 
that  both  sets  of  reveraals  can  be  made  to  occur  simuitaneouBlj, 
or  one  a  little  before  or  after  the  other,  or  one  reversal  midway 
between  two  successive  reversals  of  the  other. 

The  commutators  can  be  driven  at  one  or  other  of  two  speeds 
relatively  to  that  of  the  driving  handle.  With  one  arrangement 
there  are  four  leveisals  of  both  the  galvanometer  and  of  the  battery 
for  one  revolution  of  the  handle,  and  with  the  other  twenty-four 
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reveTBals  of  each  for  one  revolution  of  the  handle.  The  apparatnB 
can  be  driven  by  hand,  or  more  conveniently  by  a  small  electro- 
motor, so  as  to  obtain  a  constant  speed  of  reversal  varying  from 
200  to  6000  reversals  per  minute  of  both  the  galvanometer  and 
the  battery.  There  are  two  shafts,  on  either  side  of  which  the 
handle  fits,  for  high-  or  low-speed  ratios. 

The  principle  of  the  instrument  is  as  follows : — If  a  coU  having 
self-induction  be  joined  up  in  the  usual  way^  to  a  Wheatstone 
Bridge,  and  balance  be  obtained  when  the  bdttery  key  is  first 
depressed  and  then  the  galvanometer  key,  it  will  be  found  that  on 
reversing  the  operations,  i.e.  first  depressing  the  galvanometer  key 
and  then  the  battery  key,  there  will  be  a  sudden  impulse  on  the 
galvanometer  in  one  direction  on  completing   the  battery  circuit, 


Fia.  277. 


and  an  equal  impulse  in  the  opposite  direction  on  breaking  that 
circuit,  which  impulses  are  a  measure  of  the  self-induction  of  the 
coil.  If,  instead  of  making  and  breaking,  the  battery  is  reversed, 
the  same  effect  is  produced,  but  the  impulses  are  double  the  former 
ones. 

As  at  first  explained,  by  means  of  one  rotating  commutator  the 
battery  circuit  is  reversed  periodically,  so  that  a  succession  of 
impulses  are  given  to  the  galvanometer.  As  these  impulses, 
however,  are  alternately  in  opposite  directions,  no  permanent  de- 
flection would  be  obtained  on  the  galvanometer  unless  its  terminals 
were   periodically   reversed    between   successive   reversals    of    the 

2  u 
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boUeiy.  The  second  commatotor  is  provided  for  this  porpoee, 
and  being  on  the  same  shaft  always  reverses  the  galnmometer 
between  the  reversals  of  the  battery,  so  that  a  snccessioa  of  im- 
pnlses  in  the  same  direction  is  given ;  diis  would  reealt  in  a 
steady  deflecUon  being  obtained,  whose  magnitude  wonld  depend 
on  t^e  self-indnction  of  the  coil,  and  on  the  nnmber  of  impnlses 
per  second.  If,  however,  there  be  placed  in  the  adjacent  arm  of 
the  Bridge  a  second  coil  exactly  similar,  as  regards  self-indnction 
and  reflistance,  to  the  first  coil,  then  balance,  that  is  to  say,  no 
deflection  on  the  galvanometer,  will  be  produced.  If,  therefore, 
this  adjacent  arm  is  provided  with  self -inductive  resistaDces  whose 
values  both  as  regards  resistance  and  also  self-induction  can  be 


varied,  the  arrangement  forms  a  zero  method  of  measurement,  as 
in  an  ordimuy  Wheatstooe  Bridge  test. 

To  compart  Two  CoeffUimU  of  Self-Indudion. 

689.  Join  up  the  apparatus  as  shown  in  F^.  277  ;  then,  if  the 
-,  and  r,  of  the  non-inductive  arms  of   the  bridge  be 
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adjiiBted  to  give  balance  with  a  steady  current,  balance  will  also  be 
obtained  on  rotating  the  commatatotB,  provided 

L,       r, 

L,  and  Lj  being  the  coefficiente  of  Helf-indnctioa  of  the  indnctive 
bmnchee. 

One  of  these  branches  is  an  adjustable  standard  of  self-induction 
shown  by  Fig.  278.  The  arrangemeDt  consists  of  two  coils  con- 
nected in  series.  The  smaller  coil  revolves  inside  the  other  so  that 
it  may  be  inclined  at  any  angle  with  it,  and  by  this  means  the  self- 
indnction  may  be  varied  continuonsly  between  a  minimum  and  a 
maximum  value.  The  apparatus  is,  in  fact,  a  modification  of  that 
used  by  Professor  Hughes  (and  suggested  as  a  variable  standard  of 
self-induction  by  Lord  Rayleigh).  The  coils,  however,  are  much 
wider  azially  and  shallower  radially,  and  in  shape  are  parts  of  con- 
centric spheres,  so  that  the  inner  coil  may  be  very  close  to  the  outer 
and  yet  be  free  to  revolve  inside  it.  By  this  means  a  laig e  range 
of   values    is    secured.      Two   scales   are    provided,  one    readit^ 


directly  in  qnadrant«  or  secohms,  and  the  other  being  a  proportional 
scale  which  is  merely  used  by  the  manufacturer  in  the  c^ibration  of 
the  instrument.  The  wire  is  of  copper,  so  that  the  TeeiBtance  may 
be  as  low  as  possible  for  a  given  value  of  the  self-induction. 

The  range  of  the  instrument  is  usually  from  about  O'OOi  to 
0-040  secohms  or  henries. 

In  order  to  increase  the  range  of  the  variable  standard,  it  is  con- 
venient to  use  in  series  with  the  standard,  coils  of  known  self- 
indnction.  For  this  purpose  single  coils  can  be  used  which  are  made 
to  any  value  from  10  to  1000  millihenries.  To  still  further  increase 
the  faciUty  of  working,  a  bos  of  four  coils  has  been  designed,  as 

2  D  2 
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shown  in  Fig.  279,  in  which  any  one,  or  more,  of  the  coils  can  be 
nsed  by  nnplngging,  as  in  an  ordinary  resistance  box.  The  coils 
being  caref nlly  arranged  so  as  not  to  interfere  with  one  another,  the 
self-induction  is  simply  the  sum  of  that  of  the  coils  unplaced. 
The  usual  form  has  coUs  of  10,  20,  80  and  40  millihenries,  so  that 
the  range  is  from  10  to  100  millihenries. 

The  speed  at  which  the  secohmmeter  is  driven  need  not  be 
known,  but  the  greater  the  speed  the  more  sensitive  the  test ;  the 
rate  of  reversal  must  not,  however,  be  so  great  as  to  prevent  the 
currents  from  reaching  their  steady  values  between  the  consecutive 
reversals  of  the  battery,  an  excessive  rate  which  can  very  seldom  be 
attained  in  simple  measurements. 

Having  selected  two  resistances  in  the  ratio  arms,  balance  is  first 
obtained  for  steady  currents  by  turning  the  secohmmeter  handle 
slightly  until  contact  is  made  by  both  commutators,  and  then  altering 


Fio.  280. 

the  resistance  in  the  bridge  in  the  usual  manner.  The  final  adjust- 
ment is  obtained  by  moving  the  sliding  contact,  by  which  perfect 
balance  can  be  secured. 

When  the  resistance  balance  has  been  obtained,  the  commutators 
are  rotated  slowly,  and  balance  is  again  restored  by  turning  the 
handle  of  the  variable  standard,  Fig.  280.  It  will,  however,  probably 
be  found  at  the  first  attempt  that  balance  cannot' be  obtained  by  the 
variable  standard,  as  the  self-induction  of  the  coil  tested  may  be 
outside  the  limits  of  the  standard.     This  can  be  determined  by 
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torning  the  variable  standard  to  its  extreme  positions  in  both 
directions  while  the  coiomatatorB  are  rotated.  If  these  two  positions 
give  deflections  in  opposite  directions,  balance  can  be  secured  at 
some  point  of  the  range ;  bat  if  both  deflections  are  in  the  same 
direction,  the  self-induction  of  the  coil  is  either  below  the  lowest  of 
the  standard  or,  more  probably,  greater  than  its  highest  value,  and 
balance  must  be  got  either  by  altering  the  ratio  coils  of  the  bridge 
and  repeating  the  above  operations,  or  by  the  employment  of 
auxiliary  fixed  standards  of  self-induction  to  increase  the  range  of 
the  variable  standard. 

When  taking  the  final  reading,  it  is  advisable  to  run  the  com- 
mutators at  a  fairly  high  speed  to  gain  sensitiveness,  and  it  is  also 
desirable  when  the  reading  has  been  obtained,  to  disturb  balance 
slightly,  so  as  to  be  certain  that  contact  is  maintained.  In  all  such 
tests  it  is  necessary  that  the  connections  should  be  as  short  and 
straight  as  possible,  and  that  the  coil  tested  should  be  kept  as  far 
away  as  convenient  from  the  standard.  If  an  auxiliary  self-induction 
box  is  used  in  series  with  the  standard,  it  should  also  be  kept  at  a 
distance. 

To  Compare  Two  Capacities. 

690.  Join  up  the  apparatus  as  in  Fig.  280,  then  balance  will  be 
obtained  on  rotating  the  commutators,  when 

Fj  and  Fj  being  the  capacities  of  the  condensers,  and  r^  and  rg  the 
resistances  of  the  non-inductive  branches  of  the  bridge.  As  before, 
increasing  the  speed  at  which  the  commutators  are  driven  merely 
increases  the  sensibility  of  the  test  without  affecting  the  ratio  con- 
necting the  capacities  with  the  resistances. 

In  similar  ways  two  coefficients  of  mutual  induction  may  be 
compared  with  one  another,  or  a  coefficient  of  mutual  induction  with 
a  coefficient  of  self-induction,  or  either  of  these  coefficients  with  the 
capacity  of  a  condenser  shunted  by  a  non-inductive  resistance.  The 
coefficient  of  self-induction  of  a  coil  may  also  be  found  absolutely  by 
knowing  the  speed  at  which  the  secohmmeter  is  run. 

To  Measure  the  Resistance  of  a  Polarisahle  Electrolyte, 

691.  Measure  the  resistance  in  the  ordinary  way  with  a  bridge, 
but  connect  the  galvanometer  and  battery  to  the  bridge  through  the 
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commutators,  instead  of  direct ;  and  using  the  higher  speed  ratio  for 
the  gearing,  turn  the  handle  at  the  highest  convenient  speed  while 
taking  a  reading. 

It  is  important  that  the  commutators  be  set  so  as  to  make  and 
break  as  nearly  as  possible  simultaneously. 

692.  Mr.  J.  E.  Taylor  (of  the  Postal  Telegraph  Department), 
who  has  had  large  experience  of  the  secohmmeter,  makes  the  follow- 
ing observations  with  reference  to  the  use  of  the  instrument : — 

The  ordinary  form  of  Wheatstone  Bridge  must  not  be  used,  as 
its  coils  are  not  neutral  in  respect  to  capacity  or  self-induction. 
A  very  convenient  form  of  auxiliary  apparatus,  arranged  as  a 
Wheatstone  Bridge  with  high  resistance  coils  and  a  slide  wire,  is 
one  that  consists  of  two  similar  3-dial  sets,  with  unit,  ten,  and 
hundred  ohm  coils,  and  of  ratio  arms,  galvanometer  and  battery 
keys.  There  is  also  a  separate  box  of  high-resistance  coils  of 
1000",  2000",  8000",  4000",  and  10,000",  specially  wound  in  the 
manner  stated  below,  and  a  slide  wire  also  in  a  separate  box.  This 
box  of  high-resistance  coils  and  the  slide  wire  can  then  be  used  in 
conjunction  with  either  of  the  two  sets  of  dials. 

It  is  very  necessary  to  check  the  resistance  coils,  especially  the 
higher  ones,  for  capacity  effects  between  ingoing  and  outcoming 
wires  or  between  layer  and  layer.  Thus,  it  will  invariably  be  found 
that  high-resistance  bobbins,  say  1000"  and  upwards,  which  are 
wound  non-inductively  in  the  ordinary  way,  will  have  so  much 
capacity  between  the  ingoing  and  outcoming  wires  as  to  seriously 
affect  any  measurements,  if  used  indiscriminately  with  this  apparatus. 
For  this  reason  these  coils  should  either  be  distributed  on  a  large 
number  of  small  bobbins,  or  should  be  singly  wound  with  the 
direction  of  winding  reversed  at  the  commencement  of  each  layer ; 
this  keeps  the  outgoing  and  incoming  wires,  which  have  a  com- 
paratively high  difference  of  potentials  between  them,  well  apart. 
To  check  these  capacity  effects,  a  series  of  observations  should  be 
taken  with  all  the  self-induction  coils  excluded  from  the  bridge,  but 
with  the  secohmmeter  joined  up  as  for  a  self-induction  measurement. 
It  is  then  best  to  proceed  as  follows : — 

Use  a  testing  battery  of  five  or  six  volts  and  first  test  the  ratio 
arms  set  at  say  1  :  10.  Balance  these  arms  in  the  two  sets  of  dials 
in  the  ordinary  way,  using  only  low  resistance  coils  in  each.  Then 
rotate  the  commutators  rapidly  and  note  whether  the  galvanometer 
remains  undeflected.  If  the  latter  is  the  case  the  coils  used  are 
correct.  Next  make  tests  in  the  same  way  with  all  the  other  ratios, 
viz.,  1  :  100,  10  :  1  and  100  :  1.    After  this  has  been  done,  test  in 
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a  similar  manner  the  separate  coils  in  the  high  resistance  box,  joining 
it  up  for  the  purpose  in  series  with  one  of  the  sets  of  dials.  Any 
want  of  inductive  neutrality  will  always  be  negligible  in  coils  of 
100-  or  less. 

698.  Some  importance  must  be  attached  to  the  correct  setting  of 
the  galvanometer  and  battery  commutators  on  the  secohmmeter  itself, 
as  otherwise  small  changes  of  resistance  in  the  bridge,  or  want  of 
exact  resistance  balance,  may  produce  serious  error  in  the  measure- 
ment of  self-induction.  To  effect  this  correct  setting,  all  self- 
induction  should  be  excluded  from  the  bridge,  and  after  adjusting 
the  arms  with,  say,  100*  in  each,  and  using  equal  ratios,  the 
balance  should  be  upset  by  adding,  say  1~  in  one  of  the  arms, 
and  then  the  commutators  should  be  rotated  as  before.  If  the  com- 
mutators are  not  accurately  set  the  galvanometer  will  be  deflected, 
owing  to  the  duration  of  the  reversal  contacts  with  the  battery, 
being  unequal.  By  turning  one  or  other  of  the  commutators, 
little  by  little,  the  correct  adjustment,  which  gives  no  deflection, 
can  be  found.  With  such  adjustment  a  small  error  in  resistance 
balance  is  of  no  moment  in  the  self-induction  measurement,  as 
the  current  strength  in  the  arms  containing  the  unknown  and 
the  standard  of  self-induction  is  but  very  slightly  affected  by  a 
small  want  of  balance,  and  the  discharge  due  to  self-induction 
is,  in  coils  not  having  iron  cores,  strictly  proportional  to  the  current 
strength. 

When  using  a  reflecting  galvanometer  of  high  sensibility,  a 
small  deflection  will  be  obtained  without  depressing  the  galva- 
nometer key,  if  the  commutators  be  rotated  rapidly.  This 
deflection  produces  little  or  no  error  in  measurements,  as  when 
the  galvanometer  key  is  depressed  it  is  rendered  inoperative,  or 
nearly  so.  The  deflection  is  due  to  two  causes ;  first  and  chiefly, 
to  the  electrification  and  diselectrification  (as  the  battery  reversids 
take  place)  of  the  insulating  surfaces  of  the  bridge,  and  of  the 
commutators,  where  terminals  or  contact  pieces  connected  to  the 
galvanometer  are  fixed  ;  secondly,  to  the  electrostatic  capacity  of  the 
leads  from  the  galvanometer  commutator  to  the  bridge.  These 
effects  can  be  minimised  by  designing  the  apparatus  so  that  any 
parts  connected  directly  to  the  galvanometer  reverser,  and  the  parts 
on  the  reverser  itself,  have  as  little  surface  contact  with  the  ebonite, 
and  as  much  air-insulation,  as  possible. 

It  is  advisable  when  obtaining  new  apparatus,  or  when  any  doubt 
as  to  the  accuracy  of  the  standards  (due  to  warping  or  otherwise) 
exists,  to  check  the  same  in  the  following  way  : — 
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Take  a  standard  condenser  shunted  by  a  resistance  given  by  the 
formak 


B  = 


Vi 


K  X  108 

where 

R  =  resistance  required,  in  ohms, 

L  =  self-induction  under  test  in  millhenries, 

K  =  capacity  of  standard  condenser  in  microfarads. 

Join  the  shunted  condenser  in  series  with  the  self-induction  standard 
to  be  checked,  and  place  the  two  in  one  arm  of  the  bridge.  Balance 
for  resistance,  and  rotate  the  commutator.  If  the  self-induction 
standard  is  accurate  no  deflection  will  be  produced.  Prove  the 
sensitiveness  of  the  test  by  varying  the  shunting  resistance  by  a 
small  amount,  and  without  upsetting  the  resistance  balance  of  the 
bridge.  Care  must  be  taken  to  use  a  standard  condenser  of  very 
high  insulation  resistance,  and  the  shunting  resistance  coils  must  be 
devoid  of  capacity  effects.  If  this  is  not  the  case,  the  test  is  of  no 
value. 

The  shunted  condenser  can  also  be  used,  either  separately  or  in 
conjunction  with  the  self-induction  standards,  for  extreme  measure- 
ments of  very  high  or  very  low  self-induction ;  or  it  can  take  the 
place  of  the  standards  entirely,  at  the  sacrifice,  however,  of  direct 
reading  and  quick  balancing. 

It  is  necessary  when  using  high  resistance  shunts  with  the  con- 
denser to  ascertain  that  the  commutator  is  not  being  rotated  at  too 
high  a  speed.  This  is  best  done  by  lowering  the  speed  and  noting 
if  the  result  is  the  same  as  before. 

For  the  measurements  of  self-induction  coefficients  of  coils 
without  iron  cores  and  devoid  of  reactance  due  to  mutual  induction, 
the  resistance  of  the  coils  not  being  very  excessive,  the  instrument 
is  dead-accurate.  With  iron-cored  coils  the  measurements  may  often 
be  affected  somewhat  by  eddy  current  effects  in  the  cores  if  the  latter 
are  solid. 

Under  any  circumstances  the  current  flowing  through  the  coils 
under  test  should  be  recorded,  but  especially  when  iron  core  coils  are 
being  measured,  as  in  such  cases  the  self-induction  coefficient  varies 
with  the  current  strength. 

Strictly  speaking,  the  apparatus  measures  the  total  '*  magnetic 
flux  per  unit  current  strength "  in  the  coil  under  test  rather  than 
the  "coefficient  of  self-induction."  Consequently  where  mutual 
inductance  reactions  come  into  play  the  measurement  is  no  longer 
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that  of  the  coefScient  of  self-indaction.  This  renders  measurements 
of  coils  with  metallic  bobbins  or  checks,  misleading,  unless  due 
allowance  be  made. 


A  Method  op  Dbtebmining  the  Relative  Positions  and  the 
Top  and  Bottom  Ends  of  sbvbbal  Cables  in  a  Tank, 

694.  In  the  event  of  the  ends  of  several  sections  of  cable,  of 
similar  type  and  in  the  same  tank,  being  either  marked  wrongly  or 
their  labels  being  defaced  or  detached,  it  is  important  to  have  some 
certain  method  of  ascertaining  locality  of  the  top  and  bottom  end 
of  each  section,  so  that  no  mistake  can  be  made  when  splicing  one 
section  to  another  prior  to  paying  out.  Also,  in  the  event  of  no 
records  being  available  of  the  order  in  which  several  sections  were 
ooiled  down  into  a  tank,  some  reliable  means  of  ascertaining  their 
relative  positions  in  the  tank  is  desirable.  These  difSculties  are  met 
by  Mr.  H.  W.  Sullivan  in  the  following  manner  : — 

To  Determine  the  Relative  Positions  of  Several  Lengths. 

695.  (1)  Trace  all  ends  in  the  tank  by  means  of  a  detector  and 
battery,  and  mark  them  in  pairs  1-1,  2-2,  etc.  This  would  best 
be  done  by  a  conductor  resistance  test,  so  as  to  obtain  at  the  same 
time  the  approximate  length  of  each  piece,  for  reasons  mentioned 
further  on. 

(2)  Connect  up  the  top  section  (the  ends  of  which  are  always 
traceable  by  sending  a  man  down  into  the  tank)  in  circuit  with  a 
small  battery  (say  three  cells)  and  a  "make"  and  "break"  key, 
first  looping  together  in  pairs  the  ends  of  the  other  cables.  At  the 
instant  of  making  battery  contact  so  as  to  complete  the  circuit  of 
the  top  section,  which  may  be  called  the  primary  coil,  a  more  or  less 
momentary  current,  in  the  opposite  direction,  will  be  induced  in  the 
other  cables — each  acting  as  a  secondary  coil ;  but  distance  being  a 
factor  in  induction,  this  induced  current  will  be  strongest  in  the 
•cable  immediately  underneath  the  top  piece,  and  weakest  in  that 
farthest  away  from  it. 

In  the  case  of  three  cables.  A,  B,  and  C,  the  relative  length  of 
the  pieces  may  possibly  be  such  that  the  inductive  effect  in  C  might 
be  greater  than  in  B,  i.e.  C  might  be  of  such  a  length  as  compared 
with  B  as  to  more  than  make  up  for  the  closer  proximity  of  B  to  A, 
thus  erroneously  indicating  A  and  C  to  be  adjacent  lengths.     To 
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avoid  possible  error  of  this  kind,  the  induced  current  is  measured 
under  two  conditions;  first  with  the  ends  of  all  the  other  cables 
looped,  and  then  with  all  ends  free.  Should  the  supposed  second 
section  from  the  top  of  the  tank  be  really  the  one  immediatelj  below 
the  top  section,  the  current  induced  in  it  will  be  the  same  in  each 
case  ;  but  should  a  length  intervene,  the  efiPect  of  looping  the  inter- 
vening length  will  be  to  diminish  the  induced  discharge  in  what  was 
supposed  to  be  the  second  section,  the  interposed  looped  cable  appear- 
ing to  act  as  a  partial  screen  to  the  inductive  enei^y  given  out  by 
the  top  section. 

The  second  cable  in  the  tank  having  thus  been  located,  it  is  then 
in  its  turn  treated  as  the  primary,  and  the  third  cable  is  similarly 
ascertained,  and  so  on.  In  this  way,  be  the  relative  lengths  what 
they  may,  the  positions  of  the  several  cables  are  determinable  with 
certainty. 

To  Identify  ths  Top  and  Bottom  Ends. 

69G.  First  Method. — Join  up  cable  A  (as  the  primary)  in  circuit  with 
a  key  and  battery  and  a  shunted  galvanometer,  and  note  the  direction 
of  the  deflection  (D),  and  also  observe  to  which  terminal  of  the 
galvanometer  the  top  end  of  the  cable  is  connected.  Next  remove 
the  galvanometer,  leaving  only  the  battery  and  key  in  the  primary 
circuit,  and  join  the  two  ends  of  the  secondary  cable  B,  to  the  same 
galvanometer,  and  at  the  moment  of  making  battery  contact  again 
through  A,  note  on  the  galvanometer  the  direction  of  the  current  {dy 
induced  in  B. 

If  D  and  d  are  in  opposite  dkections,  the  ends  of  cables  A  and  R 
have  been  correspondingly  joined  up  to  the  galvanometer  terminals  ; 
that  is,  the  top  end  of  each  will  have  been  connected  to  the  same 
terminal ;  but  if  D  and  d  are  in  the  same  direction,  the  ends  of  B 
will  have  been  reversed  to  those  of  A.  B  is  then  made  the  primary, 
and  the  ends  of  C  are  similarly  identified. 

Second  Method. — The  above  method  of  identifying  ends  depends 
on  the  assumption  that  both  the  top  section  and  other  lengths  of 
cable  to  be  compared  with  it  are  coiled  in  the  same  direction,  which  i» 
generally  the  case. 

For  certain  special  reasons,  however,  this  may  not  always  be  so, 
and  therefore,  to  meet  such  altered  conditions,  Mr.  Sullivan  has 
devised  a  second  test.  This  is  based  upon  the  fact  that  upon 
charging  a  cable  the  distant  end  does  not  at  once  assume  the  full 
potential,  and  an  induced  current  must  necessarily  follow  the  same 
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law.  The  primary  cable  is  charged  as  before,  and  the  current 
induced  thereby  in  the  secondary  is  measured  first  at  one  end,  and 
then  at  the  other,  the  distant  end  being  free  in  each  instance,  and 
the  galvanometer  being  connected  between  the  end  of  the  cable  and 
the  tank.  The  end  of  the  cable  from  which  the  greatest  deflection 
is  obtained  is  the  top  end. 

Proof  of  the  Pbinciplb  of  the  Wheatstonb  Bridge. 

697.  Let  a,  h,  a;,  d  (Fig.  281)  be  the  four  arms  of  the  bridge ; 
g  the  galvanometer,  and  E  the  battery ;  and  let  V  be  the  potential 
at  the  point  A.  This  potential  V  will  fall  regularly  along  the 
resistances  forming  the  arms  of  the  bridge  down  to  B,  at  which 
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point  it  may  be  taken  to  be  zero.  When  balance  is  effected,  then 
the  potentials  at  the  two  terminals  of  the  galvanometer  will  be 
the  same ;  let  these  potentials  be  V,  we  then  have  the  following 
proportions : — 


and 
therefore 


V  :  V  : :  ft  +  rf  :  rf, 

a  +  X       b  +  d 


X 


d 


or 


i-'-5^'- 
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that  is 

a  _  b 

or 

ad 


Testing  D&t-Core  Cables. 

698.  The  testiiig  of  dry-core  cables — ^i.e.  cables  with  the  oon- 
ductore  insulated  with  paper  and  inclosed  in  lead  piping — inyolyes 
somewhat  elaborate  arrangements  in  order  to  insure  the  test  being 
satisfactorily  and  quickly  carried  out.  As  some  dry-core  cables 
have  as  many  as  600  wires,  the  insulation,  etc.,  of  each  of  which  has 
to  be  measured,  the  necessity  of  a  systematic  arrangement  by  which 
the  tests  can  be  rapidly  made,  is  obvious. 

699.  In  the  case  of  short  lengths  of  less  than,  say  440  yards,  a 
single  wire  in  the  cable  can  rarely  be  tested  even  with  the  most 
delicate  form  of  mirror  galvanometer  and  the  highest  battery  power 
which  it  would  be  safe  to  use.  It  has,  therefore,  become  the  practice 
to  join  the  wires  in  certain  groups  when  testing  at  the  cable  works  ; 
these  groups  being  so  arranged  as  to  provide  the  longest  possible 
length  of  conductor  in  the  short  length  of  cable,  with  due  r^ard  to 
the  provision  of  a  completely  satisfactory  test. 

It  being  necessary  to  ascertain  the  insulation  of  each  wire  from 
every  other  wire  of  the  cable  with  which  it  is  physically  possible 
for  it  to  be  in  contact,  no  wire  may  be  tested  in  the  same  group 
as  : — 

(a)  Its  companion  wire  in  the  same  pair. 

(b)  Either  wire  of  the  pair  on  either  side  of  it  in  the  same 
layer. 

(c)  Any  wire  of  the  layer  above  or  beneath  that  of  which  it 
forms  a  part. 

Taking  the  case  of  the  96-wire  cable  formed  by  the  centre,  first, 
second,  and  third  layers  of  the  600  wire  cable  shown  in  Fig.  282  for 
example,  the  following  wires  can  be  tested  together  in  the  third 
layer :— Nos.  55,  59,  63,  67,  71,  75,  79,  83,  87  and  91,  provided  all 
the  remaining  wires  in  the  same  layer  are  to  earth  whilst  the  test  is 
being  taken.  Wires  numbered  7,  11,  15  and  19  of  the  first  layer 
can  be  tested  with  those  mentioned  above  provided  that  all  the 
remaining  wires  in  the  cable  are  to  earth. 
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Similarly,  the  foUowing  wires  in  the  aecoad  layer  can  be  tested 
tt^ether,  viz. ; — Noe.  25,  29,  83,  37,  41,  45  and  49,  and  with  these 
can  be  associated  No.  1  from  the  centre  pair,  provided  as  before  that 
all  the  remaining  wires  in  the  cable  are  to  earth  whilst  the  teat  i» 
being  taken. 

It  will  be  seen  that  a  complete  test  can  be  made  of  a  96-wiTe 
cable  by  arranging  the  condactora  in 

4  gronpB  of  14  wires  each ; 


"w 


In  the  same  way,  a  54-wire  cable  (made  np  of  the  centre  first 
and  second  layers  of  the  cable  shown  in  Fig.  282)  can  be  tested  in : — 
4  groape  of  8  wires  each ; 


2  single  wires. 
With   a  30-wire  cable  the  necessary   tests   are  actually   more 
nnmeroos,  as  the  eight  wires  forming  the  four  central  pairs  most  all 


670  HANDBOOK  OF  ELECTRICAL  TESTING. 

be  tested  separately,  it  being  possible  for  any  one  of  them  to  be  in 
contact  with  any  of  the  seven  remaining  wires  ;  also  two  of  the  wires 
in  the  oater  layer  of  the  cable  must  also  be  tested  separately,  but 
the  remaining  wires  of  the  outer  layer  can  be  tested  in  four  groups 
of  five  wires  each.  Fourteen  tests  are,  in  fact,  actually  necessary  to 
prove  the  insulation  of  the  80  wires. 

On  the  other  hand,  the  larger  cables  do  not  involve  a  corre- 
sponding increase  in  the  number  of  tests  necessary.  Thus,  the  122, 
182,  254,  838,  484,  and  542  wire  cables  can  each  be  fully  tested  by 
means  of  eight  tests ;  the  additional  layers  would  in  this  case  be 
each  formed  into  four  groups  of  wires,  each  group  being  tested  with 
a  group  in  another  layer  not  immediately  contiguous  to  it :  in  the 
same  way,  in  fact,  as  the  wires  in  the  third  layer  were  added  to  the 
wires  in  the  first  layer  in  the  example  before  given.  For  instance, 
in  a  542-wire  cable,  the  wires  in  the  first,  third,  fifth,  seventh,  ninth, 
and  eleventh  layers  could  be  tested  together,  forming  four  groups 
consisting  of  75  wires  each ;  the  wires  in  the  second,  fourth,  and 
sixth  layers  would  be  formed  into  four  groups  of  60  wires  each,  and 
to  each  of  two  of  these  groups  would  be  added  a  single  wire  from 
the  central  pair,  the  entire  cable  thus  being  tested  in :— 4  groups  of 
75  wires  each ;  2  groups  of  62  wires  each ;  and  2  groups  of  60 
wires  each. 

The  same  principle  applies  to  the  other  standard  types  of  larger 
size,  viz.,  96,  150,  216,  294,  884,  486,  and  600  wire  cables ;  but  in 
consequence  of  each  of  the  layers  having  an  odd  number  of  pairs 
the  arrangement  will  have  to  be  somewhat  different. 

The  method  of  testing  will  be  made  clear  by  describing  in  detail 
the  most  convenient  arrangement  of  the  cable  for  the  purpose  of 
making  the  test. 

Preparation  of  Cable  for  Testing, 

700.  The  ends  having  been  sawn  off,  the  sheathing  is  carefully 
cut  by  means  of  pipe-cutters,  about  15  inches  from  the  sawn  end, 
and  then  pulled  off,  leaving  the  stranded  conductors  bare. 

Cord  is  now  tied  around  the  outside  layers  close  to  the  end  of 
the  sheathing,  and  the  alternate  pairs  of  the  layer  are  bent  up  at 
right  angles,  the  two  bottom  pairs  forming  a  diameter  across  the 
end  of  the  cable,  and  with  the  remaining  pairs  forming  a  fan-shaped 
structure. 

The  remainder  of  the  cable  is  now  tied  with  string,  about  one 
and  a  half  inches  nearer  the  end,  and  the  remaining  pairs  of  the 
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outer  layers  are  also  bent  out  at  right  angles  to  their  normal  direc- 
tion into  a  similar  fan-like  formation. 

A  third  tie  with  string  is  now  made  aroand  the  next  layer  of 
the  cable,  one  and  a  half  inches  from  the  former  tie,  and  the  alter- 
nate pairs  of  this  layer  are  bent  out  as  before.  After  a  fourth  tie 
has  been  made,  this  process  is  repeated  with  the  remaining  pairs  of 
that  layer. 

The  remaining  layer  of  the  cable  is  twice  tied  with  strings,  and 
its  six  pairs  bent  out  alternately  as  before,  the  central  pair  being  left 
unbent,  and  occupying  its  normal  position. 

Each  pair  is  now  divided  about  two  inches  from  the  end,  and, 
the  individual  conductors  being  separated  by  about  one  inch,  the 
paper  insulation  is  removed  for  about  half  an  inch,  and  the  con- 
ductors themselves  are  cleaned.  The  separation  is  made  in  the 
direction  of  the  original  line  of  the  conductors,  that  is,  in  line  with 
the  cable  itself,  and  the  end  so  prepared  is  then  ready  for  wiring  in 
parallel  lines  to  form  the  eight  groups  of  conductors  referred  to 
above,  forming  semicircles  of  diminishing  radii  from  the  outer  layer 
towards  the  centre.  At  the  end  of  each  row  of  conductors  a  tail- 
piece of  binding  wire  is  left  for  connecting  the  groups  together,  so 
as  to  secure  either  the  tested  group,  or  the  remaining  groups  bunched 
for  connection  to  the  sheathing  as  earth. 

The  free  end  of  the  cable,  as  tested  at  the  factory,  is  simply 
stripped  for  a  few  inches,  and  the  pairs  are  carefully  separated  out 
so  as  to  insure  that  no  small  pieces  of  thread  or  string  shall  bridge 
the  conductors. 

Testing. 

701.  In  order  to  test  the  insulation  resistance  of  dry-core  cables 
a  high  battery  power  and  a  delicate  galvanometer  are  requisite, 
even  when  the  conductors  are  arranged  in  groups,  as  the  insulation 
resistance,  after  1  minute  electrification,  should  never  be  less  than 
10,000  megohms  per  mile,  at  a  temperature  of  not  less  than  50°  F., 
and  it  frequently  reaches  ten  times  that  figure  when  the  cables 
leave  the  factory.  The  rate  of  electrification  is  less  than  that  of 
gutta-percha. 

The  grouped  ends  must  be  well  covered  with  hot  paraffin  wax. 

Electrostatic   Capacity, 

702.  It  may  be  added,  that  the  electrostatic  capacity  of  each 
wire  in  a  dry-core  cable,  measured  against  all  the  remaining  wires 
of  the  cable,  and  the  lead  sheathing  as  earth,  does  not  exceed  in  the 
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case  of  20-lb.  and  iO-lh.  condactorB  0 '  08  microfarad  per  mile,  and  in 
the  case  of  150-Lb.  oondnctors  O'l  microfarad  per  mile  ;  the  tem- 
perature of  the  cable  durii^  the  test  being  not  lees  than  50°  F. 

The  mean  electrostatic  capacity  from  wire  to  toire  of  each  pair 
in  any  length  of  cable  (all  the  wires  in  the  cable,  and  the  te«tiiig 
battery  and  apparatus  being  insulated)  should  not  exceed  70  per 
cant,  of  the  mean  wire-to-earth  capacity,  this  latter  capacity  being 
meaBnred  as  just  described. 

Thb  Ratmond-Babkbe  Calcclatoh  Boasd. 

70S.  This  is  a  very  convenient  device,  which  has  for  its  object 
the  facilitation  of  graphic  methods  of  calculation,  especially  as 
appUed  to  the  electrical  localisation  of  faults  in  submarine  cables. 


Pig.  i 


The  arrangement,  FJg.  283,  consists  of  a  framed  board,  23  in. 
by  22  in.,  made  of  well-seasoned  teak,  bearing  a  sheet  of  nsefni 
carves,  the  sheet  being  graduated  into  centimetres,  millimetres,  and 
with  the  scales  of  ordinates  and  a' 
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Over  the  board,  gnided  by  grooves  in  a  mahogany  framework, 
which  is  clamped  to  it  by  four  clamp  screws,  move  two  carsor  slripa, 
inteisecting  each  other  at  right  angles. 

Between  the  plane  oF  action  of  the  cursor  strips  and  the  cnrve 
sheet  is  transparent  celluloid,  with  a  matt  surface,  throngh  which  all 
the  data  on  the  sheet  can  be  plainly  seen.  On  this  surface  other 
pencil  curves  may  be  plotted  ont,  geometrical  or  other  drawings 
made,  as  on  a  slate ;  to  be  erased  when  of  no  further  use. 

The  back  of  the  Calculator,  Fig.  ^84,  is  made  for  nee  as  a 
Drawing  Board,  with  scales  of  millimetres  and  inches,  which  greatly 
facilitate  rapid  drawing  to  scale. 


Od  this  side  it  has  two  brass-slotted  plates,  so  that  when  not  in 
use,  and  space  is  important,  the  board  can  be  hung  in  some  con- 
venient spot. 

Fig.  285  shows  the  sheet  of  cnrves.  Each  curve  is  a  medium 
for  the  rapid  mechanical  solution  of  the  formula  to  which  the  curve 
relates,  and  this  by  the  simple  operation  of  moving  two  intersecting 
cursor  strips. 

On  the  curve  sheet  of  the  Calculator  Board  scales  of  ordinates 
are  gradnated  in  terms  of  the  variables  in  the  different  formula. 

2  X 
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Also,  flcalea  of  abacisse  are  graduated  in  tennB  of  the  solntjon  of 
the  formulee  for  all  graduations  of  the  variables. 

In  using  the  board,  one  cursor  strip  is  first  adjusted  to  the 
numerical  eqnivalent  of  a  variable.  To  the  point  where  the  cursor 
intersecte  the  curve,  is  brought  the  second  cursor  moving  at  right 
angles  to  the  first.  The  extremity  of  the  second  cursor  then  indicates 
the  answer  or  solution  of  the  formula. 

The  curve  sheet  provided  with  the  board  has  been  compiled  to 


.««rr!Trf»Kiei;K55Ei."iriSi=2~£iL_  ^. 


Fio.  285. 


suit  the  re<)uirein<!nte  of  the  submarine  cable  electrician.  It  also 
Bervi«  to  show  that  simJlur  set^  of  curves  may  easily  be  compiled  to 
suit  any  particular  reijuirement^.  For  this  reason  each  board  is 
supplied  with  a  black  sheet  of  sectional  paper,  which  can  be  laid 
over  the  xlieet  of  electrical  curves. 

Curves  for  the  following  expressions  amongst  others  useful  in 
cable  localisation  tests  are  included  in  the  curve  sheet : — 


HI3CRT.T.ANB0US. 

■yn  -  l' 

v'n-1 

>7n, 

»," 

1 

1 

M,A., 

'       M.A. 
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where  n  =  ratio  between  any  two  currents,  and  M.A.  =  milliamperes, 
(pages  306-310). 


Example,^ 

To  solve  the  Schaefer  erpression-  ^,2L    — »   where  ft  =  2*16 

The  horizontal  corsor  strip  is  brought  to  2 '  16  on  scale  for  n. 
The  vertical  cursor  is  then  brought  to  intersect  the  horizontal  cursor 

at  the  point  where  the  latter  intersects  the  curve  for  ^.    _ 

V  w  -  1 

The  answer  2*23  is  read  close  to  the  lower  extremity  of  the 
vertical  cursor. 

There  is  a  curve  for  reducing  any  reasonable  difference  between 
two  temperatures  expressed  in  degrees  Fahrenheit  to  equivalent 
difference  expressed  in  degrees  Centigrade.  This  is  extremely 
useful  to  a  worker  who  finds  himself  called  upon  to  use  electrical 
resistance  coils  with  thermometer  and  all  temperature  data  in  degrees 
Centigrade,  whilst  all  coeificient  tables  and  data  used  by  the  operator 
happen  to  be  in  terms  of  degrees  Fahrenheit,  or  vice  versa. 

Again,  there  are  other  curves  of  temperature  co-efficients  con- 
nected with  the  use  of  copper,  German  silver,  platinum-silver, 
platinoid.  For  example :— Suppose  a  Wheatstone  Bridge  to  be 
wound  with  platinum-silver  coils,  correct  at  60**  F.,  whilst  the 
temperature  at  which  the  bridge  was  used  for  a  certain  test  was 
85°  F. :  this  involving  a  difference  of  25"  F.  By  means  of  the 
curve  for  platinum-silver,  and  two  movements  of  the  cursors,  the 
value  is  obtained  by  which  the  Wheatstone  Bridge  apparent  result 
has  to  be  multiplied  in  order  to  be  correct. 

Example,  Taking  above  figures,  place  horizontal  cursor  at 
250  ( =  25  degrees)  on  omnibus  scale  of  ordinates.  Bring  vertical 
cursor  to  intersect  horizontal  cursor  at  point  where  latter  intersects 
curve  for  platinum-silver.  Bead  answer  1  •  00425  at  lower  extremity 
of  vertical  cursor.  Any  Wheatstone  Bridge  reading  observed  under 
above  temperature  conditions  must,  therefore,  in  the  case  of  platinum- 

2x2 
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silver  coUs,  be  multiplied  by  1  •  00425  to  be  correct,  which  operation 
is  quickly  eflPected  by  a  Puller's  Slide-Rule. 

The  board  is  also  famished  with  curves,  for  showing  at  a  glance 
how  many  Leclanch6  cells  must  be  employed  through  various 
resistances,  and  under  various  conditions,  to  obtain  currents  of 
5,  10,  20,  or  25  milliamperes. 

For  the  purpose  of  a  Working  Board,  sheets  of  sectional  paper, 
graduated  in  centimetres  and  millimetres,  are  furnished  with  con- 
venient scales,  including  horizontal  and  vertical  omnibiM  scales,  each 
460  millimetres  in  extent.  A  quadrant,  fitted  with  an  adjustable 
radial  line,  facilitates  angle  work.  Covered  as  the  sectional  sheet  is 
by  a  sheet  of  transparent  yet  roughened  celluloid,  this  arrangement 
offers  remarkable  facilities  for  the  plotting  out  of  curves,  for  the 
expeditious  drawing  of  geometrical  diagrams,  and  for  any  of  the 
many  branches  of  work  generally  effected  on  sectional  paper.  The 
celluloid-covered  board  affords  all  the  facilities  usually  associated 
with  the  use  of  sectional  paper  graduated  in  squares. 

Over  and  above  this,  the  board  possesses  the  great  advantage  of 
having  a  renewable  surface,  so  that  once  the  pencilled  curves, 
geometrical  figures,  or  diagrams  have  served  their  purpose,  a  few 
passes  with  a  wet  sponge  or  a  soapy  rag  suffice  to  restore  the  matt 
surface  celluloid  to  its  normal  condition. 

Should  the  worker  desire  to  retain  a  permanent  record  of  the 
cur\'e8  or  diagrams  which  have  been  pencilled  on  the  celluloid,  it  is 
a  very  simple  matter  to  obtain  tracings  of  them  on  tracing  paper  in 
the  usual  manner,  after  which  the  celluloid  may  be  sponged  clean 
ready  for  fresh  work. 

In  the  event  of  the  necessity  arising  to  replace  the  curve  sheet 
by  another,  or  by  a  blank  sheet,  the  change  is  easily  effected  by 
loosening  the  clamping  screws  at  the  four  comers  of  the  frame,  when 
the  frame  will  be  easily  removable  from  the  board  itself. 

The  Calculator  Board  may  be  used  as  an  ordinary  drawing  board 
by  being  turned  over  on  its  face.  The  frame  clamping  screws  then 
afford  support,  and  raise  the  board  clear  of  risk  of  injury  to  the 
cursors. 

Near  the  four  edges  of  the  drawing  board  are  scales  in  centi- 
metres and  millimetres,  also  in  inches  and  twelfths  of  inches.  These 
scales,  combined  with  the  use  of  an  ordinary  flat  ruler,  greatly 
facilitate  drawing  to  scale.  Thus,  for  example,  by  using  the  inch 
and  twelfth  of  inch  scale,  drawings  of  the  scale  of  one  inch  to  the 
foot  may  be  very  expeditiously  executed. 
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Table  II.* — Rbsibtamob  of  a  Knot-pocnd  of  Coppeb  Wise  of 

COHDDOTITITIBS,  AT  75°  FABR.,   IN  StAMDABD   OhM8. 


ResiBt-ance  of  **  atatute-milo-pouiid  "  equals  resistanoe 
multiplied  by  '752422.  log.  -752422 

*  See  |«ge  497. 
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of  Oon> 

dtti-tlvlty 

Keaiatancc 
aObma 

1195  0 

Percentage 

ofCrin- 

dncUviiy 

96-0 

i^^^^Ef^' 

V 

105  0 

1159 

9 

99-0 

\- 

1049 

1127-8 

101-9 

1161 

0 

98-9 

1196-2 

95-9 

la^^ 

104-8 

1128-9 

101-8 

1162 

1 

98-8 

1197-4 

1 

95-8 

12JK-- 

I 

104-7 

1129-9 

101-7 

1163- 

3 

98-7 

1198-7 

95-7 

riflp 

'[ 

104-6 

1131  0 

101-6 

1164' 

4 

98-6 

1199-9 

95 '6 

ridfl^ 

104-5 

1132  1 

101-5 

1165 

6 

98-5 

1201-0 

95-5 

i2dJV 

' 

104-4 

1133-2 

101-4 

1166 

•7 

98-4 

1202-3 

95-4 

124Q9f 

104  •» 

1134-3 

101-3 

1167 

9 

98-3 

1203-5 

95'3 

124H 

104-2 

1135-4 

101-2 

1169 

0 

98-2 

1204-7 

95-2 

1242V 

104-1 

1136-4 

101-1 

1170 

•2 

981 

1206-0 

95-1 

1244-fl 

t      ^ 

104-0 

1137-5 

101  0 

1171 

•3 

98-0 

1207-2 

950 

1245 -a 

L 

103-9 

1138-7 

100-9 

1172 

5 

97-9 

1208-4 

94-9 

1246 -a 

k 

HW-8 

1139-8 

100-8 

1173 

•7 

97-8 

1209-7 

94-8 

1248 'al 

w 

103-7 

1140-8 

100-7 

1174 

■8 

97-7 

1210-9 

94-7 

1248-1 " 

Mr— 

103-6 

1142-0 

100-6 

1176 

•0 

97-6 

1212-2 

94-6 

1250-6 

■ 

103-5 

1143- 1 

100-5 

1177 

•1 

97-5 

1213-3 

94-5 

1251-9 

1 

103-4 

11441 

100-4 

1178 

•3 

97-4 

1214-6 

94-4 

1263-2 

■ 

103-3 

1145-2 

100-3 

1179 

•5 

97-3 

1215-8 

94-3 

12545 

■ 

103-2 

1146-4 

100-2 

1180 

•7 

97-2 

1217' 1 

94-2 

1255-9 

■ 

103-1 

1147-4 

100-1 

1181- 

'9 

97- 1 

1218-4 

941 

1257-2 

1 

1030 

1148-6 

100-0 

1183 

1 

97-0 

1219-6 

940 

1258-5 

\ 

102-9 

1149-7 

99-9 

1184" 

2 

'     96-9 

1220-9 

93-9 

1259-9 

1 

102-8 

1150-9 

1 

99-8 

1185 

4 

iK5-8 

1222-2 

93*8 

1 

1-261-3 

1 

l()2-7 

1151-9  . 

99-7 

1186' 

6 

1     96-7 

1223-4 

1     93-7 

1262-6 

102-6 

1153-1 

99-6 

1187- 

'8 

96-6 

1224-7 

93-6 

12640 

102-5 

1154-2 

99-5 

1189 

0 

96-5 

12260 

93-5 

1265-3 

102-4 

1155-3  , 

99-4 

1190 

2 

'     96-4 

1227-2  1 

93-4 

1266-7 

102-3 

1156-4 

1 

99-3 

1191' 

3 

.     9<>-3 

1 

1228-5 

93-3 

1268-0 

102-2 

1157-6  ' 

99-2 

1192- 

5 

1     96-2 

1229-8 

93-2 

1269-4 

■ 

102-1 

1158-7  ! 

1 

99-1 

I 

1193- 

8 

96-1 

1231-1 

93- 1 

1270-7 

>AitD  Ohms,  ! 

1 


(2 
>3 


1 


Miles  ' 
perPoani 

626*67 


0(K)39l| 
00045^ 
00051^ 
00059^ 
00069d 


000821 
00098^ 
00116^ 
00139^ 
00169'j 


0020^ 
00244 

oosor 

00381 
00465 


00578 
00739 
00977 
01207 
0152 


1 


01995| 

027161 

039iq 

0482£ 

0611( 


07981 
1086* 
1293' 
1564; 
1931 


2326, 
2856  j 
3383; 
4069' 


I 

jr  wire,  yiz.  tlJ 
le  correction  i 
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Table  IV.*~Clabk,  Fcirde  and  Taylor's  (VjKPnciENTs  for  Correcting  the 
Observed  Kesibtanoe  or  High  Conducttivity  Copper  Wire,  at  any 
Temperature,  to  Tr)*^  Faur.,  or  at  75°  to  any  Temperature. 


Tf^np. 
Fahr. 

Co- 
efficient 

•9787 

Ijogaritlim 

'  Temp. 
■    Kalir. 

1 

67 

Co-           , 
elficienfc 

— 

10177 

1 
x)garithni  1 

■00762 

Temp. 
Falir. 

1 
49 

Co-        I 
efficient 

r  0.598 

jogaritbm 

85 

1-9906:$ 

•02521 

84-5 

•9797 

■99109 

665 

1 

1-0188 

■00810 

1  48-5 

10610 

•02571 

84 

•9808 

•99156 

&j 

1-0200 

■00858 

48 

1- 06-22      ' 

•02621 

8a-5 

•9818 

•99*202     1 

65-5 

1-0211 

•00906 

'  47-5 

MWm 

•02670 

83 

•9829 

•99249 

1  65 

1-0222 

■00955     , 

47 

1^0646 

•02720 

82  T) 

•9839 

■99295 

<;4-5 

10233 

•01003     i 

46^5 

10659 

•02770 

8*2 

•9850 

•99342 

'  64 

10245 

•01051 

46 

ro67i 

02820 

81  0 

•9861 

•99389 

'  <•»:$- 5 

1-0257 

•01099 

1  455 

r0683 

02870 

81 

•9871 

•99436 

1    (ui 

1-0268 

■01148 

45 

1 

10695 

02920 

80  T) 

•9882 

•99482 

1 

,  62-5 

1 

10279 

•01196 

44-5 

r0708      ' 

02970 

80 

•9892 

•99529 

1  62 

1-0291 

■01245 

44 

10720      • 

03021 

79-:) 

•9903 

-9957(; 

'  61-5 

1 

10302 

■01293 

43-5 

1-0733 

03071 

79 

•9914 

•996-23 

1  <>! 

1-0314 

■01324 

,43 

1-0745 

03121 

78-5 

•9924 

•99670 

60-5 
1 
1  60 

1-0325 

■01390 

1  42  5 

r  07,57 

03171 

78 

•9985 

•99717 

1-0337 

•01439 

42 

10770 

03222 

77-5 

•9946 

•99764 

1  .59-5 

1 

10349 

■01487     j 

41  5 

1-0783 

03272 

77 

•99.56 

•99811 

1 
,  59 

1 

1-0360 

■01536     1 

;« 

10795      ■ 

03323 

76-. 5 

•9967 

•99858 

.58-5 

1-0372 

•01585     \ 

'  40^5 

1-0808 

03373 

7(5 

■9978 

-91>905 

1  58 

1 

1-0384 

■01634     1 

40 

10821 

•03424 

75-5 

•9989 

-99952 

1 
.57^5 

1-0395 

•01683 

39-5 

10833 

•o:$475 

zs 

I'OOOO 

-00000 

!  57 

1 

10407 

•01732 

39 

10846 

03526 

74-5 

1 • 001 1 

•00047 

'  56-5 

10419 

•01781     ' 

38-5 

1 

r0858 

•03576 

74 

r0022 

•00095 

1  56 

10430 

■01830 

1  38 

ro87i 

■03627 

7:$ -5 

1-0033 

•00142 

55-5 

10442 

•01879     , 

!  37  5 

r0884 

•03678 

7;^ 

1-0044 

•00189 

55 

1  •01,54 

■019-28 

37 

1^0897 

■03729 

72 -.5 

1-00.55 

-0023«; 

1  .5-1-5 

l-(^466 

1 

•01977     ' 

36^5 

10910 

•03780 

72 

1-0066 

•00-284 

.54 

1-0478 

•02026 

,  M 

1^0922 

•03831 

71 -.5 

1-0077 

•00332 

;  .53-5 

M)490 

•02075 

1  35  5 

1 

1-0935 

03882 

71 

1-0088 

-00380 

1 

53 

1-0,501       ' 

02125     ' 

35 

1-0948 

•03933 

70-5 

10099 

■  00427 

.52-5 

1  •051,3 

1 

02174     1 

34-5 

1-0961 

•03984 

70 

10110 

•00475 

1  52 

1-0.525  I   ■ 

02223 

34 

1-0974 

•04036 

09 -T) 

10121 

-00523 

51-5 

1-05.37 

02272 

33  5 

1-0987 

•04087 

69       ' 

10132 

•00.571 

\^^       1 

10549  j    • 

0-2322     1 

33 

1 • 1000 

04138 

68-5 

I  0144 

•00618 

50-5 

10561       • 

02372     1 

32-5 

11013 

04189 

68 

10155 

•00666 

50 

1-0573  j   • 

02422 

32 

1 • 1026 

04241 

67-5 

10166 

•00714     1 

1 

49-5 

10585      ■ 

t 

02471 

315 

11039      • 

04292 

*  See  page  504 
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TaBLK  V.*-  ('OBFFICIBNTB  FOK  GoRRECTTING  THE  ObSBBTED  RbSISTANGB  OF  "  SlLVlSB- 
ToWH"   GUTTA-rEROUA  AT  ANT   TEMPERATURE  TO   75®  FaHB. 


Temp. 
Kahr.      e 

Co- 

ffici«Dt  ; 

1 

[logarithm 

Temp. 
FHlir. 

1 

eflScient 

lx)gariU)m 

1 

1  Temp. 
Fobr. 

1 

Co- 
efflcieol 

Lofparithm 

100 

141)4  r 

1744<>50 

1  77 

•85891" 

9;{:tt)572 

1 

1 
54 

4-9:^7 

0-6934494 

1)1) -5      • 

1552      ■ 

11)09757 

1  70-5 

8922    ■ 

9504()71) 

53-5 

5-128 

-7()9SHK>1 

1)1)       1    • 

1012  i   ■ 

20748(>4 

70 

92(57    ■ 

9(>()978(» 

53 

5-:^27 

•7-2G47<)8 

1)8-5      ■ 

1075  !   ' 

22:M)971 

75-5 

9(527    ■ 

98:^489:1 

52-5 

5-533 

-7429815 

1)8 

1740  1   ■ 

2405078 

.25 

1- 

000   0 

000(H)00 

,  52 

5-748 

•75949-^2 

1)7-5 

1807      • 

2570185 

74-5 

1 

o:^9 

0105107 

'  51-5 

5-970 

•77(i(Mi29 

1)7 

•1877      ■ 

27: 15292 

74 

1 

079      • 

0:^:50214 

51 

(5-202 

-7925i:?(j 

1)0-5 

105(» 

21)00:K)9 

73-5 

1 

121      ' 

0495:521 

50-5 

0*442 

•809024:^ 

1)0       1   ' 

2020 

:t005500 

'  73 

1 

104 

(M)(50428 

50 

0-092 

•«255:i50 

1)5-5 

21(>4      • 

:i2:{ooi:; 

72-5 

1 

'209 

08255:^5 

49-5 

6-951 

•8420457 

1)5 

'2180      ' 

':i:  {95720 

72 

1 

250 

(H)90(;42 

49 

7-220 

•85855(rl 

1)4-5      • 

2270 

3500827 

i  71-5 

1 

•:505      ■ 

1155749 

1  48-5 

7-500 

•8750(571 

l)i 

2:158 

■:i7259:;4 

71 

1 

:555 

1:520850 

48 

7-791 

■8915778 

i):j-5 

2450 

:;89io4i 

70-5 

1 

•408      ' 

•  148590:i 

47-5 

8-09:5 

-9080885 

\Ki 

2:»45 

4050148 

,  70 

1 

'4(Ki 

1(>51070 

47 

8-400 

-9245992 

1)2-5  1 

•204:{ 

'4221255 

69-5 

1 

•519 

1810177 

,  40-5 

8-7:52 

•9411099 

U2 

•2740 

4:{86:{02 

'  (>y 

1 

•578 

•1981284 

:  40 

9-070 

•957(>*206 

91-5 

•2852 

4551 4«;9 

1  08-5 

1 

•6:59 

•214();591 

45-5 

9-422 

•9741313 

1)1 

2062 

'4710570 

(;8 

1 

'703 

2311498 

45 

9-787 

-1)9064-20 

DO -5 

•:{077 

'488108:{ 

'  (57-5 

1 

•709 

■247(>(>05 

44-5 

10-17 

1   00715-27 

1)0 

:U97 

'5U46790 

1  «7 

1 

•837 

2041712 

44 

10-50 

•  02:50634 

89-5 

•:{:{20 

'5211897 

'  (50 -5 

1 

■908 

'2800819 

43-5 

10-97 

•0401741 

81) 

•:5I49 

'5277(M)4 

60 

1 

'982 

'2971920 

1  43 

11:59 

•05(  5(5848 

88-5 

:  158:5 

5542111 

I  (;5-5 

2 

'059 

:5i:r7o:5:5 

42-5 

11-84 

•0731955 

88 

':i722 

'5707218 

05 

2 

1:^9 

:^30214O 

42 

12-29 

•0897002 

87-5 

:woo 

'5872:525 

;  04-5 

2 

222 

:t407247 

41-5 

12-77 

-1002169 

87 

4010 

•00:574:52 

(>4 

2 

:508      • 

:J6:r2:{54 

i  41 

13-27 

-1227270 

80 -5 

4171 

(52025:59 

63-5 

2 

:597 

:t797461 

40-5 

i:5-78 

- 139238:5 

8t; 

4:;4:{ 

«;:  507040 

1  (K5 

2 

490      ■ 

:{9625(>8 

1  40 

14-31 

•  1557490 

85-5 

1501 

05:5-275:5 

62-5 

2 

'587 

412(>(;75 

:59-5 

14-87 

•  172*2597 

85 

4(;75 

6097800 

62 

2 

'(587 

4292782 

39 

15-44 

•1887704 

8i-5 

'485(; 

(5802967 

1  61-5 

2 

'792      ■ 

•4457880 

38-5 

1604 

•205*2811 

84 

5014 

7028074 

:  61 

2 

•889 

4022990 

:58 

10(» 

••2217918 

8;{-5 

5240 

719:5181 

(50-5 

3 

'012 

4788103 

1  :57-5 

17-31 

-2:58:50*25 

8:{ 

•514:i      ' 

7:558288 

1  60 

•  » 

128 

4953210 

'  37 

17-98 

•25481:52 

82-5 

'5654 

752:5:^95 

59-5 

3- 

'250 

'5118:517 

:50*5 

18-68 

-27132:59 

82 

587:J 

70S8502 

59 

:j 

'370      ■ 

528:5424 

36 

19-40 

•2878:546 

81-5 

0100 

785:5009 

58-5 

:5 

50(5 

54485:51 

35-5 

20-15 

-304:545:5 

81 

o:{:{7 

8018716 

58 

:j 

•042 

'50l:50;« 

:i5 

20-93 

-:5208560 

80-5  , 

(;582 

818:582:5 

57  *  5 

:5 

•783 

'5778745 

:h-5 

21-74 

-:5:573667 

80 

■08: 17 

'8:5489:50 

57 

3 

•9:50 

•594:5852 

34 

22-59 

•35:58774 

70-5 

■7102 

'85140:57 

50-5 

4 

•082 

0108959 

;  :^3-5 

23-46 

•:^703881 

71) 

■7378 

■8679 144 

1  50 

4 

•240 

'0274(HiO 

3:5 

-24-:s7 

•:^8689:S8 

78-5 

ICVul 

■8844251 

55*5 

4 

•405 

•0439173 

,  :52'5 

-25-32 

•4034095 

78 

•7900 

•9009358 

55 

4 

•  575 

•6004280 

1  :^2 

20 -JW 

-4199202 

77-5 

•8296 

•9174405 

54-5 

1 

4-753 

•0709387 

31-5 

-27-32 

•4364309 

See  (tage  509. 
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Table  VL*--Cokffioient8    pou    CdiiRECTiNo   thb    Observed   Resistance  op 

**  WlLLDUGHBV    SmITH's  "    GUTTA-IKRCHA   AT   ANY    TEMPERATUIUS  T()   75^^    FaHR.' 


Temp. 
Fabr. 

Go- 
cfBctent 

IjOgaritbm 

Temp. 
Kahr.  i 

Co 
cfficifut 

1 
LogarUbm  i 

1 

Pemp,    Co- 
Fahr.  effldent 

[iOgarithra 

100 

•1992 

1-2992893 

\              1 
77 

•8789  P  9439395  ' 

1 

1  54    5-083  0' 

7061201 

09-5 

•2057 

•3132343 

76-5 

9077 

•9579423 

53  5  5 

281 

7229628 

Ul) 

•2125 

•3273589 

76 

9375 

•9719713 

53    5 

•492   • 

7397305 

1)8-5 

•211H 

•3-412366 

75  •  5 

9682 

•9851i651 

52-5  5 

709 

7565600 

98 

•22(;0 

•3552599 

75 

000 

0-0000000 

52    5 

934 

77:^3475 

97-5 

•2340 

•3692159 

745 

•039 

•0166155 

51  ■  5  6 

168   ' 

•79014-H 

97 

•2417 

-3832767 

,74 

*■ 

■080 

•0334238 

51    6 

412 

•8069935 

96-5 

•2497 

-3974185 

73-5 

123 

•0503798 

,  50^5  6 

m:^    ' 

8238002 

90 

2579 

•4114513 

1  73 

167 

•0670709 

,  50    i\ 

928 

•8406079 

95-5 

•2667 

-42(>023n 

,  72^5 
1  '^ 

•213 

•0838608 

49-5  7 

201 

8573928 

95 

•2751 

•4394906 

261 

•1007151 

j  49   '  7 

485 

8741918 

94  o 

•2841 

-4534712 

71-5 

, 

'29(1 

•1126050 

48^5  7 

781 

8910354 

94 

•2934 

-4674601 

1  71 

363 

-1344959 

'48    8 

•088 

9078411 

93-5 

•3030 

•1814426 

70-5 

417 

•1513699 

,  475  ,  8 

•407 

!>246410 

9H 

•3130 

•4955443 

1  7" 

1 

473 

•1682027 

47   1  8 

73H 

•9414617 

92-5 

•3232 

•5094714 

1  6J)-5 

531 

•  1849752 

'  46^5  1  9 

•084 

•9582771 

92 

•3338 

•52^4863 

1  69 

•591 

•201(;702 

46   ,  9 

442 

9750640 

91-5 

-3448 

•5375673 

1  68-5 

1 

(;54 

-21S5355 

1  45-5  ,  9 

815 

•9918903 

91 

•3561 

•5515720 

as 

•719 

•2:J52759 

1  45   10 

203  1 

•0087279 

90-5 

•3678 

•565()U7 

67-5 

•787 

-2521216 

1  44-5  10 

•606 

•0255516 

90 

•3798 

-5795550 

67 

•858 

•2690457 

44   11 

•024 

•0423392 

89-5 

•3923 

•59H6183 

66-5 

931 

•2857823 

1  43-5  111 

•460 

•0591846 

89 

•4051 

•6075(;22 

1  66 

^ 

•007 

•3025474 

43   11 

911 

■0759842 

88-5 

-4184 

•6215917 

1  65  "5 

(J 

•086 

•3193143 

1  42-5  |12 

382 

•092790S 

88 

•4321 

-6355843 

1  i\ri 

jj 

■169 

•:^3<;25'.»6 

42   il2 

870 

1095785 

87-5 

•4463 

•6496269 

1  64  5 

•254 

•3529539 

41-5  13 

378 

1263912 

87 

•4609 

•6(;360()7 

,64 
635 

•34:i 

•369772:1 

41    13 

1K)6 

■1432022 

8(J-5 

-4761 

•6776982 

t% 

•  \'M\ 

•3866773 

40-5  |l4 
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Tablk  VII. — Coefficients  fob  CoBRBcniMO  the  Omerved  Resutanob  of 
*^* Hooper's"  Indiabubbeb  at  ant  Tbmpbbatubb  to  75°  Parb. 
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98-5 

•547 

•7379716 

1  75-5 
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2285780 
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1 
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Table  XI.  -Standard  Wire  Gauge.* 


Diameters 

Diameters 

No. 

No. 

_   — 

— 

- 

MilH- 

1  )ifferpnce8 

Millinietrfs 

Mil^i- 

DifTereiioefi 

Millimetr 

0,000,000 

500 

•  • 

12 

70 

2:^ 

24 

4 

•610 

000,000 

404 

80 

11 

78 

24 

22 

2 

♦559 

00,0(M) 

482 

82 

10' 

9^ 

25 

20 

2 

•508 

0,000 

400 

82 

10' 

16 

26 

18 

2 

•457 

(M)0 

:J72 

28 

9' 

45       , 

27 

16 

4 

1 

6 

•417 

00 

a48 

24 

8- 

84 

28 

14 

8 

1 

6 

•376 

0 

:V24 

24 

8- 

28 

29 

18 

6 

1- 

2 

•345 

1 

:m) 

24 

7 

02       1 

80 

12 

4 

1 

2 

•815 

2 

270 

24 

7 

01        ' 

81 

11 

•0 

•8 

•295 

8 

252 

24 

6 

•40 

82 

10 

■8 

■8 

•274 

4 

2S2 

20 

5 

■89       ' 

:w 

10 

■0 

•8 

•254 

5 

212 

20 

5 

•88 

84 

9 

■2 

8 

•284 

<; 

102 

20 

4 

■88       ' 

85 

8 

4 

•8 

•218 

7 

170 

16 

4 

47 

86 

7 

■6 

•8 

■198 

8 

100 

16 

4 

•00 

87 

6 

■8 

•8 

•178 

0 

144 

10 

8 

•06 

88 

6 

■0 

'8 

•152 

10 

128 

10 

8 

■25 

89 

5 

•8 

•132 

M 

110 

12 

2 

•95 

40 

4 

•8 

•4 

•122 

12 

l(^ 

12 

»2 

04 

41 

4 

4 

4 

•112 

]:{ 

92 

12 

2 

84 

42 

4 

■0 

4 

•102 

14 

80 

12 

2 

■08 

48 

8 

■6 

4 

•0914 

15 

72 

8 

1 

•88 

44 

8 

2 

4 

•0813 

16 

64 

8 

1 

63 

45 

2 

•8 

4 

•0711 

17 

5(; 

8 

1 

■42 

46 

2 

■4 

■4 

•0610 

18 

48 

8 

1 

•22 

47 

2 

0 

■4 

•0508 

19 

40 

8 

1 

016 

48 

1 

•6 

■4 

•(H06 

20 

86 

4 

914 

49 

1 

2 

4 

•0305 

21 

82 

4 

■818 

50 

1-0 

•2 

•0254 

22 

28 

4 
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INDEX. 


Accumulation  joint  test,  Clark's,  488 
Adjustment  of  shunts,  110 
Aerial  lines,  Electrostatic  capacity  of,  590 

Alternating  currents,  Measurement  of  by  Electro-dynamometer,  385 
Ampere,  1 

Anderson  and  Kennelly's  fault  test,  297 
Angle  of  maximum  sensitiveness  in  galvanometers,  29,  87,  80 
Appleyard's  method  of  localising  faults  of  high  resistance  in  insulated  wire,  528 
Arc,  Multiple,  104 
Astatic  galvanometer,  28 

Ayrton  and  Mather's  application  of  Price's  guard  wire,  450 

universal  shunt,  110 
Perry's  secohmmeter,  656 


It  it 

f} 


Balance,  Wheatstone's.     See  Wheatstone  bridge 
Ballistic  galvanometer,  86 

,,  ,,  Nalder's  form  of,  90 

Batteries,  a  method  of  testing,  607 


tf 

Garhart's         ,, 

188 

if 

Clark's 

178 

>} 

De  la  Rue's     ,, 

852 

l> 

Fleming's        ,, 

176 

)) 

Muir  head's      „ 

182 

n 

Post  Office       ,, 

176 

Jl 

Leclanch^,  852 

f  ) 

Minotto,  852 

}) 

Electromotive  force  of,  Comparison  of.     See  Electromotive  fo^ce 

y  } 

)) 

») 

1  and  100  ceUs,  488 

)} 

of  low  resistance, 

Measurement  of  resistance  of,  868 

f  ) 

Polarisation  in.  Measurement  of. 

868 

)) 

Resistance  of 

a 

152 

>» 

if 

a 

by  condenser  method,    864,  866, 
867,  868 

)} 

a 

it 

deflection  method,  4,  5 

1) 

a 

M 

diminished    deflection    direct 
method,  169 

>» 

a 

)i 

diminished    deflection    shunt 
method,  172 

f  ) 

ii 

tf 

electrometer  method,  485 

9> 

a 

it 

Fahie's                 „        21Q 

)| 

f  y 

a 

half  deflection,    „        5,  152 

4> 

if 

a 

Kempe's               „        864 

}} 

it 

a 

Kelvin's                „        158 

»} 

a 

}> 

Mance's                „        162,165 

>} 

a 

it 

Muirhead's          „        866 
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Batteries,  Besistance  of,  Measurement  of,  by  Munro's  method,  967 

,,  „  ,,  Postal  Telegraph  method,  630 

„  ,,  ,,  Siemens'  method,  15T 

„  „  ,,  Wheatstone  bridge  method,  294 

„        Shmited,  Pollard's  theorem  of,  604 

Battery  testing  apparatus,  Eden's,  680 

Bett's  method  of  fault  localisation,  816 

Blavier's  method  of  localising  foults  in  submarine  cables,  295 

Board  of  Trade  definition  of  units,  578 

,,        ,,       specification  for  standard  cells,  179 

„        „  „  current  voltameter,  578 

Bridge-M(^ger,  Evershed's,  640 

Bridge,  Wheatstone's.    See  Wheatstone  bridge 

Broca  galvanometer,  81 


Cablbs,  Completed,  Tests  of,  445,  454 

„       Compound,  Tests  during  laying  of,  482 

>> 


II 


II 
II 
II 
II 
II 
II 
II 


Conductor  resistance  of,  Meth^  of  measuring,  280 

Corrections  for  effects  of  temperature  on  conductor  and  insulation 

resistance  of,  504 
Dry  core.  Testing,  668 
„        Earth  readings  on,  449 

Electrostatic  capacity  of,  Measurement  of,  892 
Faults  in.  Localisation  oi    See  Faults 
Final  tests  of,  568 

in  a  tank.  To  determine  the  relative  positions  of  several,  665 
Insulation  of.  Measurement  of,  442 
Laying  of.  Tests  during,  482 
Manumcture  of.  Specification  for,  552 
„  ,,  Tests  during,  556 

,,       Single  wire.  Tests  during  laying,  488,  485 
Cadmium  standard  cell,  184 
Calculator-Board,  Baymond-Barker's,  672 
Calibration  or  graduation  of  galvanometer  scales,  50, 118 
Capacity,  Electrostatic.     See  Electrostatic  capacity 

, ,         Measurements  of  long  submarine  cables,  402 
Cardew's  method  of  measuring  current  strength,  874 
Carey  Foster's  method  of  measuring  low  resistances,  275 
Carhart's  Standard  Cell,  188 
Cells,  Standard,  Cadmium,  184 
„        „         Carhart's,  188 
Clark's,  178 
De  La  Bue's,  852 
Fleming's,  176 
Muirhead's,  182 
Post  Office,  176 
Charge,  Loss  of.    See  Potential,  Loss  of 
Checking  Oalvanometer  Oscillations,  Gott's  method,  100 

„  „  „  Nalder's  Apparatus  for,  100 

Chrvstal's  standard  ohm,  264 

Clark,  Forde  and  Taylor's  temperature  coefficients,  495,  504 
Clark's  accumulation  joint  test,  488 

correction  for  condenser  discharge,  857 
electromotive  force  test,  222 
fall  of  potential  foult  test,  468 
method  of  eliminating  earth  currents,  824 
Standard  Cell,  178 
Coefficient  for  effect  of  temperature  on  conductor  resistance,  504 
„  „  insulation  resistance,  508 


II 
ti 
II 
II 
II 


INDEX.  693 

Ck>il8  for  core  of  cable,  Tests  of,  558 
,»    Besisliaiioe,  11 

„  „  Dial  pattern,  15, 17,  234 

„  „  for  cable  testing,  18, 15,  234,  235 

„  „  Post  Office  pattern,  14 

„  „  Slide,  19 

„  „  „      Kelvin- Varley,  254 

Combined  capacity  of  condensers,  843 

„         conductor  resistance  of  paraUel  wires,  104 
„         insulation  „  „  „  284 

„         resistances,  641 
Compensating  resistances  for  galvanometer  shunts,  103 

„  „  „  „  Kempe's  arrangement  of, 

105,109 
Compound  cables.  Tests  during  laying  of,  482 

„         key  for  cable  testing,  624 
Condensers,  340 

„  Battery  resistance  measured  by  means  of,  864,  366,  367,  368 

,,  Connections  for  discharge  from,  345 

„  Corrections         ,,  „         357 

,,  Electromotive  force  measured  by  means  of,  356,  368 

„  Joint  capacities  of,  343 

„  Muirhead*s  standard,  841 

Conducting  power  of  copper,  Effect  of,  on  temperature  corrections,  506 
Conductivity,  Belative,  494 
„  Specific,  494 

Conductor  resistance,  by  Wheatstone  bridge,  280 

„  „  Correction  for  effect  of  temperature  on,  504,  510,  515 


,1  II  „  leakage,  585 

„  ,,         Eden's  method  of  measuring,  597 

)t  i» 


Elimination  of  effects  of  earth  currents  in  measuring, 
285,  288,  290,  824,  636 

„  ,,  Joint,  of  several  wires,  104 

„  „  of  a  line  by  sent  and  received  currents,  596 

,,  ,,  of  cables,  Method  of  measuring,  290 

,,  ,,  of  three  wires  individually,  280 

,,  „  of  two  wires  individually  by  loop  test,  333 

„  ,,  per  mile,  of  telegraph  lines,  584 

„  „  True,  of  uniformly  insulatcid  line,  581 

Constant  for  measuring  resistances,  6 

„  „  high  resistances,  440 

„  „  insulation  resistances,  440 

„      for  morning  tests,  5 
Copper  resistance,  Matthiessen's  standard  of,  494 

„      wire.  Effect  of  temperature  on  resistance  of,  504 
„  „     Specific  conductivity  of,  494 

Table  of,  497 
Correction  for  condenser  discharge  deflections,  357 

„  „    conductor  resistance  tests  of  submarine  cables,  585 

„  „   galvanometer  damping,  93 

„  „    loop  test,  330 

„  „    tangent  galvanometer,  27,  41 

Corrections  for  temperature,  504 

„  „  „  Practical  applications  of,  515 

Cosine  galvanometer,  Trowbridge's,  42 
Coulomb,  Definition  of,  89,  394 
Cubic  equation.  Example  of  practical  use  of,  543 
Current,  resistance,  and  electromotive  force,  between  two  points  in  a  circuit, 

Relation  between,  361 
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Current  strength,  Measurement  of,  870 

„  „  by  Cardew*8  differential  method,  374 

,,  ,,  difference      of      potential      deflection 

method,  881 
„  „  difference     of     potential     equilibrium 

method,  888 
direct  deflection  method,  871 
Eempe's  bridge  method,  877 
Siemens*  dynamometer,  885 
Current,  Unit  of,  1,  578 

„       voltameter,  Speoiflcation  of,  578 
Currents,  Earth,  Elimination  of  effects  of  in  testing  by  Wheatstone  bridge, 

285,  288,  290 
„  in  testing,  824 

Beoeived,  Testing  telegraph  lines  by,  596 
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Daily  or  morning  tests.  Table  for  calculating,  9 

„  „  of  land  lines,  8,  590 

Damping,  galyanometer.  Correction  for,  98 
D'Arsonval-Deprez  galvanometer,  72 
Dead-beat  galvanometer,  D'Arsonval-Deprez's,  72 

„  „  „  Nalder's  form  of,  74 

„  „  Kelvin's,  69 

Deflection  method  of  measuring  battery  resistance,  4 

„  „  galvanometer  resistance,  4 

Deflections,  Galvanometer,  Degree  of  accuracy  attainable  in  reading,  48 

„  „  Method  of  reading,  46 

De  la  Bue's  batteries,  852 

Deprez-D'Arsonval  dead-beat  reflecting  galvanometer,  72 
Dial  pattern  of  resistance  coils,  15, 17,  234,  285 

Difference  of  potential  deflection  method  of  measuring  current  strength,  881 
,,  „        equilibrium  „  „  „  383 

Diminished  deflection  direct  method  of  measuring  battery  resistance,  169 
II  II  n  II  II  galvanometer  „      142 

II  II  shunt  „  „  battery  „      172 

I.  I,  M  II  >,  galvanometer  „      147 

Direct  deflection  method  of  measuring  current  strength,  371 
„  „  „  „  electrostatic  capacity,  892 

„      reading  battery  testing  instnunent,  Eden's,  685 
M  „      potentiometer,  614 

Discharge  deflections,  Connections  for  measuring,  845 
>t  M  Correction  for,  357 


II 


key,  Kempe*s,  346 
„  Lambert's,  348 


„  Bymer  Jones's,  849 

F.  C.  Webb's,  844 
„         Test  of  joint  by,  490 
Disconnection,  Partial,  Localisation  of,  in  cables,  530 
.     „  Total  „  „         530 

Divided  charge  method  of  measuring  electrostatic  capacity,  412 
Dry  core  cables,  testing,  668 
Duddell  thermo-galvanometer,  83 
Dynamometer,  Electro,  Siemens',  385 

Eabth  current.  To  eliminate,  in  testing,  824 

»  II  »  „         by  Wheatstone  bridge,  285, 288, 290, 

636 
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Sarth  faults,  A  method  of  localising,  588 
„      readings  on  cables,  449 
„  „        Table  of,  9 

„     Besistance  of  an,  To  measure,  282 
„  „  „  Ponleroy's  method,  282 

Aden's  battery-testing  apparatus,  680,  685 

„      method  of  measuring  conductor  resistance,  597 
Slectrio  lamps,  Method  of  measuring  the  resistance  of  and  currents  flowing 
through,  605 
„       light  installation.  Measurement  of  insulation  of,  by  Russell's  method, 
606 
EUectrical  units,  1,  578 
Slectriflcation,  444 

„  Influence  of  temperature  on,  444 

Blectro-dynamometer,  Siemens',  885 
Klectrolytes,  Measurement  of  resistance  of,  611 
Electrometer,  Kelvin's  quadrant,  422 

„         Fall  of  charge  in  cable  by,  485 

Gauge  of,  426 
„         Grades  of  sensitiveness  of,  438 
„         Induction  plate  of,  427 

Measurements  from  an  inferred  zero  by,  486 
„         Beplenisher  of,  425 

Reversing  key  for,  428 
Tests  of  joints  by,  491 
„         Use  of,  435 
Electromotive  force,  current,  and  resistance  between  two  points  in  a  circuit. 

Relation  between,  861 
Measurement  of,  176, 187 

by  Clark's  method,  222 

direct-reading  potentiometer,  614 


»»      If 

ft 

If 

If      II 

II 

II      II 

II      II 

If 


II      II 

II      II         II 


II      II         II 

If      II         II 

„  „  „  „      resistance      „         187 


equal  deflection  method,  189 
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Fahie's  method,  216 
Kempe's      „        194 
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Lumsden's  or  Lacoine's  method,  199 
Negreau's  method,  220 
Poggendorf's    „      207 
Postal  Telegraph  method,  680 
potentiometer  direct  method,  228 
Wheatstone's  method,  196 
Wiedemann's       ,,        189 
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Unit  of,  1 
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Electrostatic  capacity  of  dry  core  cables,  671 

Measurement  of,  892 
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Gott's  „        406 


by  direct  deflection  method,  892 
divided  charge  „        412 
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Specific,  508 


secohnmieter,  661 

Siemens'  diminished  charge  method, 
415 
loss     of    charge    deflection 
method,  400 
„         loss    of    charge    discharge 
method,  894 
Kelvin's  method,  402 
of  aerial  lines  by  Kempe's  method,  646 
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Elton  Young's  method  of  meaBuring  the  eleotrostatic  capacity  of  long  gobmarine 

cables,  419 
Equal  deflection  bridge  method  of  measuring  conductor  resistance,  290 

method  of  measuring  galvanometer  resistance,  125 

electromotive  force,  189 
resistance        „  „  „  „      187 

Equilibrium  method  of  measuring  conductor  resistance  of  wires  transversed 

bv  earth  currents,  285 
Evershed  Meager,  686 

„        Bridge-Megger,  640 

Fahib'b  method  of  measuring  battery  resistance,  216 

„  „  „  galvanometer  resistance,  183 

„  „     testing  for  faults  in  cables,  800 

False  zero,  290,  880 
Farad,l 
Fault  resistance,  Kennelly's  law  of,  804 

„  „         Schaefer*s       „       809 

Faults  caused  by  disconnection.  Localisation  of,  580 

„     Gott's  method  of  sealing  up,  for  testing,  547 

„     Localisation  of,  295 

„  „  by  Anderson  and  Kennelly's  method,  297 

„  „  Bett's  method,  816 

„  „  Blavier's  method,  295 

„  „  Clark's  fall  of  potential  method,  468 

„  ,,  combined  resistance  and  discharge  test,  538 

„  „  Fahie's  method,  800 

„  „  Jacob's  deflection  method,  818 

„  „  Kempe's  loss  of  current  method,  321 

„  „  Kennelly's  method,  297,  804 

,,  „  Kingsford's  method,  814 

„  „  loop  test,  824 

„  „  Lumsden's  method,  298 

„  „  Mance's  „        808 

„  „  Murray's  loop  method,  825 

„  „  overlap  method,  296 

„  „  Bymer  Jones's  method,  810, 477 

„  „  Schaefer's  „         809 

„  „  Siemens'  equal  potential  method,  472 

„  „  ,,         or  Lacoine's  equilibrium  method,  475 

„  „  Varley's  loop  method,  828 

„  „  in  coils  of  insulated  wire,  Appleyard's  method,  528 

„  „  „  „  Jacob's  method,  527 

,.  »  »  »>  Warren's     „       525 

„  „  of  high  resistance,  517 

Fibre,  Suspension,  method  of  fixing,  68 
Figure  of  merit  of  galvanometers,  98 
Final  tests  of  cables,  568 
Fleming's  standard  cell,  176 
,,  „         ohm,  265 

Foster's,  Oarey,  method  of  measuring  low  resistances,  275 


Galvanoxbteb  deflections.  Degree  of  accuracy  attainable  in  reading,  48 
„  „  Method  of  reading,  46 

,,  Astatic,  24 

Ballistic,  86 

Broca,  81 
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Oalvanometer,  Cosine,  42 

D'Anonval-Deprez  dead-beat  reflecting,  72 

Dead-beat,  69 

Duddell  thermo,  88 

Gaugain*8, 41 

Helmholtz's,  41 

Kelvin's  refleoting,  or  mirror,  51 

Dead-beat  form  of,  69 
Description  of,  68 
Elliott  Bros.,  66, 69,  60 
Gambrell-Davis,  74 
Jacob's  transparent  scale  for,  62 
Lamps  and  scales  for,  61 
Marine,  70 

Method  of  suspending,  to  neu- 
tralise vibration,  60 
Method  of  setting  up,  66 
Nalder's,  58 
Paul's,  76 

Portable  form  of,  61 
Principle  of,  61 
Bepair  of  fibre  of,  68 
Besistance  of,  69 
Scales  for,  61 
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Marine,  70 

Obaoh's,  42 

Paul's,  28 

Post  Office,  28,  27,  668 

Sine,  26 

Sullivan's  universal,  77 

Tangent,  8,  26,  695 
„  „  Angle  of  maTimum  sensitiveness  of,  29 

„  ,,  Best  conditions  for  using,  88 

,,  ,,  Correction  for,  27, 41 

,,  ,,  Principle  of,  25 

„  ,,  Skew  zero,  88 

„  Trowbridge's,  42 

Galvanometers,  Angle  of  maximum  sensitiveness  in,  29,  80 
„  Calibration  or  graduation  of  scale  of,  60, 118 

Figure  of  merit  of,  98 

for  measuring  currents,  Post  Office  form,  27,  696 

Method  of  adjusting,  65 
„  „  „         shunts  of,  110 

„  Besistance  for  best  effect  from,  648 

of,  Measurement  of,  121 

by  deflection  method,  8 
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Sensitiveness  of,  99 
Shunts  for,  67, 101 

diminished  deflection  direct 

method,  142 
diminished  deflection  shunt 

method,  147 
equal    deflection    method, 

126 
Fahie's  method,  188 
half  deflection  method,  6, 121 
Kelvin's  method,  184, 189 
PhilUps'       „        861 


€kunbrell-Davi8  reflecting  galvanometers,  74 
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Gambrell's  resistance  coils,  15, 18 
Gaugain's  galyanometer,  41 
Gauge  for  electrometer,  426 

„         measuring  diameters  of  wire,  498 
German-silver,  Use  of,  for  resistance  coils,  11 
Gott's  electrostatic  capacity  test,  406 

„  „  Muirhead's  correctibn  for,  408 

method  of  sealing  up  faults  for  testing,  547 

„  checking  galvanometer  oscillations,  100 

proof  condenser  method  of  measuring  resistances,  468 
Wheatstone  bridge,  284 
Guard-wire,  Price's,  449 

„  „        Ayrton  and  Mather's  appplication  of,  450 

Gutta-percha,  Effect  of  temperature  on  resistance, of,  444 
„  Electrification  of,  444 

HAIiF-GHARGE,  Fall  to,  465 

Halving  deflection,  Resistance  of  battery  by,  5, 152 

„  „  „  galvanometer  by,  5, 121 

Hay's  conductor  resistance  test,  636 
Helmholtz's  galvanometer,  41 
High  resistance  Kelvin  galvanometer,  59 

Localisation  of  faults  of,  517 

„  „  by  Jacob's  method,  527 

„  „  Warren's      „       525 

Measurement  of,  438 

„  by  Gott's  proof  condenser  method,  463 

„  Kelvin's  method,  461 

„  loss  of  potential  method,  460 

India-rubber,  Electrification  of,  445 

Individual  resistance  of  three  wires,  Measurement  of,  280 

„  „  two        „  „  833 

Induction,  Mutual,  Measurement  of,  654 

Self  „  647,668 

„  plate  of  electrometer,  427 

Inductive  capacity.     See  Electrostatic  capacity. 

„  ,,        Specific,  603 

Inferred  zero,  80,  436 

Instrument  leakage,  Savage's  method  of  correcting  for,  458 
Insulated  wire,  Detection  of  faults  in,  by  Jacob's  method,  527 

„  „  Warren's    „        526 

Insulation,  Correction  for  e£feot  of  temperature  on,  508,  512,  515 

„  Joint,  of  several  wires,  284 

„  Measurement  of,  6,  8 

„  „  of  a  live  electric  light  installation,  by  Russell's 

method,  606 

„  „  by  sent  and  received  currents,  598,  601 

„  „  tangent  galvanometer,  8 

„  „  Wheatstone  bridge,  284 

„  „  of  cables,  442 

„  „  „        by  Jacob's  method,  455 

„  of  two  sections  of  wire,  284 

„  per  mile,  of  telegraph  wire,  586 

„  Specific,  499 

„  Standard  of,  for  land  lines,  7 

„  Table  for  calculating,  9 

„  True,  of  a  uniformly  insulated  line,  585 
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Jack  and  Joule's  correction  for  tangent  galvanometer,  27 
Jacob's  fault  test,  818 

„       method  of  localising  faults  of  high  resistance,  527 
,y  „  measuring  insulation  of  cables,  455 

„  „  „  capacity  „         465 

„       transparent  scale  for  reflecting  galvanometers,  62 
Jamieson's  method  of  making  loop  test,  380 
Jenkin's  method  of  measuring  high  resistance,  486 
Joint  capacities  of  condensers,  848,  689 

„     conductor  resistance  of  parallel  wires,  104 
„     insulation        „  „  „      284 

,,     resistances,  104 
Jointe,  Testing  of,  at  sea,  491 

by  Clark's  accumulation  method,  488 
discharge  method,  490 
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„  „  electrometer     „      491 
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Warren's  „      626 

Jolin's  D'Arsonval-Deprez  dead-beat  reflecting  galvanometer,  72 
Jolin-Thomson  rheostat,  21 
Jones,  Bymer,  discharge  key,  849 

„  reversing  key,  889 

„  method  of  localising  faults  in  submarine  cables,  810,  477 

Joule  and  Jack's  correction  for  tangent  galvanometer,  27 


KbIiYin's  bridge,  278 

„  electrostatic  capacity  test,  402 
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galvanometer  resistance,  184, 189 
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quadrant  electrometer,  422 

reflecting,  or  mirror, 
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Gambrell-Davis,  74 
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Lamps  and  scales  for,  61 
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Method  of  suspending,  to  neu- 
tralise vibration,  60 
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Method  of  setting  up,  65 
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Portable  form  of,  60 
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Principle  of,  51 
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Bepair  of  flbre  of,  68 
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Besistance  of,  69 
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Scales  for,  61 

Kelvin- Jolin,  rheostat,  21 

Kempe,  A.  B.,  on  the  leakage  of  submarine  cables,  517 

Kempe's  battery  resistance  test,  864 

current  strength  test,  877 

discharge  key,  846 

electromotive  force  test,  194 

galvanometer  shunt  with  compensating  resistances,  105, 109 

loss  of  current  fault  test,  821 

method  of  measuring  self-induction,  647 

electrostatic  capacity,  646 
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Eennelly  and  Anderson's  fault  test,  297 
Kennelly's  law  of  £ault  resistanoe,  804 
Key,  Compound,  for  cable  testing,  624 

„    Discnarge,  Kempe*8,  846 

„  „  Lambert's,  848 

„  „  „  for  Kelvin's  capacity  test,  404 

„  „  Bymer  Jones',  849 

„  „  Saunders',  for  Gk)tt's  capacity  test,  412 

„  „  Savage's,  cable  testing,  626 

„  „  P.  C.  Webb's,  844 

„    Beversing,  886 

„  „  for  electrometer,  428 

Pell's,  887 

,,    Short-circuit,  885,  887 
Kin^ford's  fault  test,  314 
Kirohoft's  laws,  200 

„  „     Proofs  of,  602 

Lacodtb,  Note,  290,  821 

Lacoine's  loss  of  current  fault  test,  821 

„       or  Lumsden's  electromotive  force  test,  199 
„  Siemens'  fault  test,  475 

Lambert's  discharge  ke^,  848 

„         key  for  Kelvin's  capacity  test,  404 
Lamps,  Electric,  Method  of  measuring  the  resistance  of  and  current  flowing 

tiirough,  605 
Land  lines.  Measurement  of  insulation  of,  6 

„  Standard  of  insulation  for,  7 

Laws's  test  for  electromotive  force,  856 
Laying  of  Cables,  Tests  during,  482 
Leading  wires,  Elimination  of  resistance  of,  294 
Leclanch6  battery,  852 

Loop  method  of  measuring  conductor  resistance,  280 
„    test,  824 

„    Correction  for,  880 

„    Individual  resistance  of  two  wires  by,  888 

Jamieson's  method  of  making,  880 
„    Murray's  method,  825 
Phillips'  method,  888 
„       „    Varley's        „        828 
Loss  of  charge,  Percentage,  466 

„      current  fault  test,  Kempe's,  821 
Low  resistance  batteries,  A  method  of  measuring,  868 
„    resistances,  A  method  of  measuring,  606 
„  „  measured  by  Kelvin's  bridge,  278 

„  „  „  metre  bridge,  259 

„  „  „  „  Carey  Foster's  method,  275 

Lumsden's,  or  Lacoine's,  method  of  measuring  electromotive  force,  199 
system  of  testing  for  faults  in  cables,  79S 
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Mamce'b  method  of  eliminating  the  efieots  of  earth  currents  in  conductor  tests, 

288 
„  „         testing  for  faults  in  cables,  808 

„      resistance  of  battery  test,  162 
„  „  „  with  slide  wire  bridge,  165 

Manganin,  Use  of,  for  resistance  coils,  11 
Manufacture  of  cables,  Specification  for,  552 

Tests  during,  556 
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Marine  galvanometer,  Kelvin's,  70 

Matthiessen's  standard  of  copper  reslstanoe,  494 

MairiTnnTn  sensitiveness,  Angle  of,  in  galvanometers,  29,  80 

May's  method  of  testing  cables  for  insulation,  445 

Megger,  Evershed's,  636 

Megohm,  441 

Merit,  Figure  of,  of  galvanometers,  96 

Metre  bridge,  269 

Microampere,  1 

Microfoirad,  1 

Micro-galvanometer,  Paul's,  75 

Mil  gauge,  498 

Mile,  Insulation  per,  of  lines,  586 

Milliamp^re,  1 

MilUvolt,  1 

Minotto  battery,  852 

Mirror  or  Kelvm  galvanometer.     See  Kelvin's  reflecting  galvanometer 

Morning  or  daily  tests  of  land  lines,  9,  590 

Muirhead's  arrangement  of  resistance  coils,  17 

„         correction  for  Gott's  electrostatic  capacity  test,  408 

„  standard  cell,  182 

„  „         condenser,  841 

Multiple  arc,  104 

„         cored  cables,  Measurement  of  capacity  of,  456 
„  „  ,,  insulation  of,  456 

Multiplying  power  of  shunts,  108 
Munro's  battery  resistance  test,  367 

Murphy's  correction  for  conductor  resistance  tests  of  submarine  cables,  585 
Murray  s  loop  test,  825 
Mutual  Induction,  Measurement  of,  654 

NaiiDeb'b  check  for  galvanometer  needle  oscillations,  100 
„         form  of  Ayrton  and  Mather's  universal  shunt,  110 
ballistic  galvanometer,  90 
dead-beat  „  74 

Kelvin  galvanometer,  58 

„  „  Shunt  for,  118 

Kempe's  compensating  galvanometer  shunt,  105, 109 
standard  ohm,  265 
Negreau's  electromotive  force  test,  220 
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Obaoh'b  galvanometer,  42 
Ohm,  1,  578 

Standard,  Ohrystal's,  264 
Fleming's,  265 
Nalder's,  265 
Ohm's  law,  1 
One  cell,  852 

„        Constant  taken  with,  440 
OscillationB  of  galvanometer  needle,  Gtott's  check  for,  100 
„  „         •      „  Nalder's      „        100 

Overlap  method  of  localising  faults  in  submarine  cables,  296 


PasaiiIiAZ  error  in  galvanometers.  Method  of  avoiding,  28 

Parallel  wires.  Joint  resistance  of,  104 

Partial  disconnection  in  cable,  LoNoalisation  of,  530 
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Paul's  galvanometer,  23 
,,      galvanometer  scale,  64 
„       reflecting  micro-galvanometer,  75 
„       reversing  key,  338 
Paul-Harris  test  wire,  20 
Pell's  reversing  key,  837 
Percentage  loss  of  charge,  466 
Permanent  current,  combined  with  sudden  impulse,  Throw  produced  by,  92 

„  „         Throw  produced  by,  91 

Phillips,  S.  E. ,  method  of  measuring  the  individual  resistance  of  two  wires  by 

loop  test,  333 
galvanometer  resistance,  833 
making  loop  test,  333 
Platinoid,  Use  of,  for  resistance  coils,  11 

„  ,,  rheostat,  21 

Platinum-silver  alloy,  Use  of,  for  resistance  coils,  11 
Poggendorfi's  method  of  measuring  electromotive  force,  207 
Polarisation  in  batteries.  Measurement  of,  368 
Pollard's  theorem  of  a  shimted  battery,  604 
Pomeroy's  earth  resisfcance  test,  282 
Portable  reflecting  galvanometer,  61 

Postal  Telegraph  Department,  Qalvanometer  used  by,  23,  27,  595 

Standard  cell  used  by,  176 

of  insulation  adopted  by,  7 
system  of  testing  batteries,  630 

lines,  590 
Wheatstone  bridge  used  by,  14 
Fall  of,  FormulsB  for,  464 
„         Measurement  of,  353 
„  „  resistances  by,  457 

loss  of,  460 
„       Gott's  method,  463 
Clark's  test  for  fault  by,  468 
Rymer  Jones'  test  for  fault  by,  477 
Siemens'  „  „  equilibrium  of,  475 

test  for  fault  by  equal,  472 
Potentiometer,  228 

direct  method  of  measuring  electromotive  force,  228 
reading,  614 
Preece's  fall  of  potential  formula,  466 
Price's  guard  wire,  449 
Probert's  method  of  testing  batteries,  607 
Proof  condenser  method  of  measuring  resistances,  Gott's,  468 
Purity  or  conducting  power  of  copper,  Effect  of,  on  temperature  corrections,  506 

QuADRAKT  electrometer,  Kelvin's,  422 
Quantity,  Unit  of,  394 

Baymond-Babkeb  calculator  board,  672 

Received  and  sent  currents.  Conductor  resistance  of  a  line  by,  596 

„  „  „         Insulation        „  „  598, 601 

Reflecting,  or  mirror,  galvanometer.    See  Galvanometers 
Relative  Conductivity,  494 
Replenisher  of  electrometer,  425 
Resistance  coils,  11 

Dial  pattern,  15, 17,  234,  235 
for  cable  testing,  13, 15,  234 
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I^esistaiioe  ooils,  Gambreirs,  15, 18 

„  „      Moirhead's  pattern,  17 

„  ft     Post  Office  pattern,  14 

„  „      Slide,  9 

„  „         ,,      Kelvin- Varley,  264 

„  current,  and  electromotive  force,  between  two  points  in  a  circuit, 

Relation  between,  361 
„  Measurement  of,  by  deflection,  8 

„  „  half  deflection,  5 

„  „  fall  of  potential,  457 

„  „  loss  „  460 

„  „  „  „  Gott's  method,  468   • 

„  „  Kelvin  bridge,  278 

„  „  metre  bridge,  259 

„  „  „  Carey  Foster's  method,  275 

„  „  substitution,  2 

„  „  Wheatstone  bridge.    See  Wheatstone  bridge 

„  „  Note  on,  610 

„      '  of  electrolytes,  measurement  of,  611 
„  Unit  of,  1 

IBesistances,  Arrangements  of,  12-16 
„  Combined,  641 

„  Compensating,  for  galvanometer  shunts,  108 

„  High,  Measurement  of,  438 

„  Insulation,      „  442 

„  Joint,  of  several  wires,  104 

„  Low,  A  method  of  measuring,  608 

Besultant  fault,  830 
Beversing  keys,  386 

„  „     for  electrometer,  428 

„  „     Paul's,  338 

„     Pell's,  337 
„  „     Bymer  Jones's,  349 

„  Switches,  340 

Bheostat,  Thomson-Jolin,  21 

Boberts,  Martin,  method  of  using  metre  bridge,  260 
Russell's  method  of  measuring  the  insulation  resistance  of  a  live  electric  light 

installation,  606 
Bymer  Jones's  Bridge,  635 

Discharge  key,  349 
Fault  tests,  310,  477 
Beversing  key,  337 
Short-circuit  key,  334 
Universal  shunt,  116 

Savage's  cable-testing  key,  626 

„        method  of  correcting  for  instrument  leakage,  453 
Scale,  and  lamp,  for  Kelvin's  reflecting  galvanometer,  61 
„      Galvanometer,  Graduation  or  calibration  of,  50, 118 
„      Jacob's  transparent,  for  Kelvin's  reflecting  galvanometer,  62 
Silvertown  form  of,  „  „  „         64 

Skew,  for  tangent  galvanometer,  35 
Schaefer's  fault  test,  309 

Sealing  up  faults  for  testing,  Gott's  method,  547 
Secohmmeter,  The,  656 
Sections,  two,  of  wires.  Insulation  of,  284 
Self  Induction,  Measurement  of,  647,  658 

„  „  of  telegraph  wire  loop,  650 
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SensitWenesB,  Angle  of  mftTimnm,  in  galvanometers,  29,  87,  80 

„  of  galvanometers,  99 

Sent  and  received  currents.  Conductor  resistance  of  a  Une  by,  596 

„  „  Insulation        „  „  598, 601 

Short  circuit  keys,  885,  387 
Shunted  battery.  Pollard's  theorem  of,  604 
Shunts,  101 

„       Galvanometer,  67, 101 

„  „  Ayrton  and  Mather's  universal,  110 

Compensating  resistances  for,  108 
Method  of  ad]usting,  110 
•  „  Multiplying  power  of,  108 

Bymer  Jones's  universal,  116 
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„  „  Sullivan's  universal,  118 

„  „  Tables  of,  454 


Siemens'  battery  resistance  measurement,  157 
„        electro-dynamometer,  886 

„       electrostatic  capacity  measurement  bv  loss  of  chazge,  894,  400,  415 
„        equal  potential  method  of  localising  nults^  472 
„        or  Lacoine's  equilibrium  method  of  localismg  ftkults,  476 
„        telegraph  works,  Method  of  testing  completed  cable  at,  445,  464 
„  „  Transparent  galvanometer  scale  in  use  at,  62 

Silvertown  compound  key  for  Cable  testing,  624 

„         galvanometer  scale,  64 
Simple  testhig,  1 
Sine  galvanometer,  25 

Single  wire  cable.  Testing  during  laying,  488,  486 
Skew  aero  scale  for  tangent  galvanometer,  88 
Slide  resbtance  bridge,  Kelvin- Varley,  254 
„  „         coils,  11 

„    wire  or  metre  bridge,  259 
„  „  „  Battery  resistance  by,  166 

„  ,»  „  Oalvanometer  resistance  by,  189 

Small  xedstances,  A.  method  of  measuriuff,  608 

„  Measurement  by  Kelvin's  bridge,  278 

„  „  metre  bridge,  259 

„  „  „  Carev  Foster's  method,  275 

Smith,  Willoughbv,  system  of  testing  cables  during  laying,  482 
Specific  conductivity,  494 

„       inductive  or  electrostatic  capacity,  508 
„       insulation,  499 
„       measurements,  494 
Specification  for  manufacture  of  cables,  662 
Standard  Cell,  Board  of  Trade  specification  for,  179 
„  „    Cadmium,  184 

Carhart'B,  188 
Clark's,  178 
De  la  Bue's,  862 
Fleming's,  176 
Muirhead's,  182 
Post  Office,  176 
„        of  copper  resistaiice,  Matthiessen's,  494 
„       of  insulation  for  land  lines,  7 
„        ohm,  Chrystal's,  264 
„  „     Fleming's,  265 

„     Nalder's,  265 
Substitution  method  of  measuring  resistances,  2 

Sullivan's  method  of  determining  the  positionB  of  several  cables  in  a  tank,  665 
„         universal  galvanometer,  77 
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